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PEEEACE 

The aim of the author in writing this book on Surveying has been 
to present the subject m such a form as will be useful to students of 
Civil Engineering at Universities and Technical Colleges ; to students 
who are studying for such examinations as the external examinations 
of the University of London, and those held by the Institution of 
Civil Engineers, the Surveyors’ Institution, etc.; and to Civil 
Engineers and Surveyors who are already in practice 

The author has had considerable experience both m the practice 
and m the teaching of Surveying, and the book is an amplification 
of Ins lectuie notes 

The calculus has been used where necessary throughout the 
work — particularly m the investigation of errors — a side of the 
subject which is of considerable importance, and which the author 
has endeavoured to keep before the reader’s mind throughout. 

It is hoped, however, that those Surveyors and Surveying 
Students who have not studied calculus methods will also find m 
the book a very considerable amount of information that will be 
useful to them 

It should be unnecessary to point out that a thorough knowledge 
of Suiveying cannot be obtained from a text-book alone, since it 
is essential that the student should do a considerable amount of 
practical work It is only by the actual handling of the various 
instruments that ail efficient “ woikmg knowledge ” of the subject 
cau be obtained 

The reader is advised to woik through the various examples 
gi\en at the end of each chapter, as in many cases these have been 
chosen to emphasise points not elaborated m the text 

Ly the kind permission of the authorities concerned, many of 
these examples are taken from the examination papers of the 
University of London (U. of L), the University of Birmingham 

(U of B), and the Institution of Civil Engineers (ICE); others 
are original. 
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The thanks of the author are due to the Astronomer-Royal, ■* 

the Direcfcor-Geneial of the Oulnance Survey, and tlie Suiveyor- 
General of Canada, for kindly supplying information on various 
points , to Professor F C Lea, 0 B E , D Sc , and Professor S M 
Dixon, M A , M.Sc , for permission to use results obtained by the 
students of the University of Biiiningham m River Gauging and ; ' 

Photographic Sun eying respectively, to Dr G A Shakespear, 

M A , D Sc , for kindly leading the chapter on optics and magnetism , 
to the Editor of The Surveyor for permission to reproduce an article 
by the author on “ The Three Point Problem ”, to Messrs Ilarrison 
and Sons for permission to leproduce Fig ISO from The Modern 
Bangcfindcr, by Professor Cheshire, to the Clarendon Press for the 
loan of Fig 24G from Clarke’s Geodesy 

Also to the following films for their kindness m supplying 
blocks of their instruments Messrs Barr and Stroud (Glasgow'), 

Messrs C F Casella and Co (London), Messrs T Cooke and Sons 
(London), Messrs IV and L E Guilcy (New' York), Messrs J. 

Halden and Co (Mauchestei), Messrs Harling (London), Messrs 
•v J J Hicks (London), Messis TV F Stanley and Co, Ltd (London), 

Messrs J II Steward (London), Messis A G. Thornton, Ltd (Man- 
chestei), Messrs Trough ton and Simms (London) 

It is hoped that the book is, as far as possible, free fiom mis- 
takes, but the author will be giateful to lecene notification of any 
that may inadvertently have been overlooked 

W N. T. 

PBEFACE TO THIKD EDITION - 

In this edition alterations have been made both in the text and in 
the numerical examples, to allow for the changes in the arrangement 
of the Nautical Almanac and the presentation of its contents Several 
i sections have been revised, including those dealing with the Ordnance 

Survey, the Second Geodetic Levelling of England and Wales, Wireless 
i Signals, etc , other portions, such as the Appendix dealing with modem 

instruments, have been extended , and further references and examples , \ 

{ have been added throughout the book 

The author thanks correspondents from various countries, and 
reviewers, for helpful suggestions which have been adopted where such 
would not have unduly extended the scope of the book , and Messrs \ 

i Cooke, Troughton and Simms, and E R Watts and Son, for blocks of 

their instruments 

1 W N T 

Cabdut, April 1932 , v 
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Chapter 1 

CHAIN SURVEYING 


Surveying is tlie art of determining the relative positions of distinc- 
tive features on portions of the earth’s surface 

Generally, this term meludes Levelling — le. the determination 
of the relative heights of different positions and objects — though not 
infrequently Surveying and Levelling are considered as distinct 
operations. 

The “plotting” of plans and sections, the calculation of areas 
and volumes, the settmg out of proposed “ works,” and the deter- 
mination of latitude and longitude, etc . are also included among a 
Surveyor’s duties 

The object of a survey may be the preparation of a plan or map, 
and in this case a representation of the horizontal projection of the 
area is usually required — not a representation of the actual area — 
as it is obvious that the relative positions of all points on the different 
slopes of a hill, for instance, cannot be correctly represented on a 
single plane surface. Thus, on a plan, horizontal distances are 
shown, though a more or less correct representation of vertical dis- 
tances may be made by the use of contour lines, hachures, or some 
other of the methods described later 

Vertical distances, however, are more correctly shown by means 
of sections. 


A plan is not invariably required, for if areas or volumes only ar< 
wanted, they may often be calculated direct from the field book. 

Classification. — Surveys may be classified under headings whicl 
define the use or purpose of the resulting maps : 

Thus Topographical Surveys are made to determine the natura 
features of a country, such as rivers and streams, lakes, woods, hills 

etc , and such artificial features as roads, railways, canals, towns 
and villages. 

Cadastral Surveys are usually plotted to a larger scale than topo 
graphical surveys, and determine additional detail, such as tin 
oundanes of fields, houses, and other property. 

Geodetic Surveys are conducted with a very high degree of accuraci 
to lurmsh data concerning the size and shape of the earth, or to beat 
the portions of widely distant points winch shall afterwards act a 
control points for less accurate surveys. 
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2 SURVEYING 

Engineering Surveys are undertaken for tho determination of 
quantities or to afford sufficient data for the designing of engineering 
works, such as roads and reservoirs, or tlioso connected with sewage 
disposal or w atcr supply 

Railway Surveys m connection with proposed railway schemes arc 
of several classes — Rough Exploratory or Reconnaissance Surveys 
to choose possible routes , Preliminary Surveys to obtain sufficient 
data to enable the best route to be chosen and laid down definitely on 
the plan , Location Surveys to set out the adopted line on the ground 
and to obtain all the necessary data for quantities, etc 

Geographical and Exploratory Surveys, Military Surveys, Geological 
and Magnetic Surveys arc other types, each vi ith a purpose of its own. 

An alternative classification may be based upon the instruments 
or methods employed, the chief types being 

(a) Cham Surveys, 

(b) Theodolite Surveys, 

(c) Traverse Surveys — closed or unclosed, 

(d) Triangulation Surveys, 

(e) Tacheomctnc Surveys, 

(/) Plane Table Surveys, 

( 7 ) Marine or Hydrographic Surveys, and 

(7i) Photographic Sun cys 


CnAiN Surveying 

The simplest of these is the “ Cham Survey,” but this is only 
suitable for moderately small areas The chief appliances used are 
the chain, tape, arrows, ranging rods, offset staff, and occasionally a 
cross staff, optical square, box-se\tant, or prismatic compass 

The Cham is generally divided into 100 links, sometimes into 50 — 

but there are several varieties 

-cgL and lengths m ordinary use 

Jy[jj£k The links are composed of 
lengths of iron or steel ware, 
and — except at the centre of 
the cham, and at the 25th hnk 
from each end, where swivel 
fra I — Cham and Arrows joints (S, Fig 2) are provided 

— these are connected at their 
extremities by three small oval rings, preferably welded At every 
10 th link from each end of the cham a brass tag or teller is fastened 
to the small central connecting ring The teller which has 
only one point indicates ten links from either end of the cham — % e 
the 10 th or the 90th link measuring in the same direction , that with 
two points marks the 20 th or the 80th hnk, three points indicate the 
30th or the 70th hnk , four points the 40th or the 60th hnk , and a 

circular tag the centre of the cham 

The brass tellers are sometimes designed to be inserted m tne 
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Fig 3 — Steel Band. 
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CHAIN SURVEYING 3 

length of the chain, but though less liable to catch in hedges, etc., they 
are perhaps hardly as distinctive as the usual type 

The ends of the chain are furnished with brass handles attached by 




Fig 2 — Brass Tellers. 

means of swivel joints, and the length of 100 links is measured from 
the outside of one handle to the outside of the other 

The Gunter’s chain— so named after its inventor— is generally 
used by the Land Surveyor It is 66 ft m length, each link measuring 
r92 , and is very convement when it is required to calculate 
areas in acres and decimals of an acre, since 10 sq chains =1 acre 
also when linear dimensions are required m miles and furlongs, since 
lOchams^i furlong and 80 chains =1 mile. When the term “chain ” 

or link is used in a general sense, without reference to any particular 

unit of measurement, the Gunter’s chain is inferred 

The Engineer's chain is 100 ft. long, each link bemg 1 ft in length 
It is heavier than the Gunter s chain, but being longer does not nhed 

dOT1 lf 0 freq r nt i y ^ the measureraent of a definite distance : 
of the rrifrt 15 1 GSS iabl J lty to error from the inaccurate marking 
f a j d - S ? ® bam * A S ain > as the levelhng staff is usuallv 

venfent than fto ^ ° f 5 f ° 0t> tbis cham ls ^re con- 

ni,/?- 16 cbains ^. e also m use > the commonest lengths beinw 10 20 

curate v ork, as unlike the ordinary chain which 

nlte tC H S . by cont | nual use > it is practically un- /0||Pfpl^V 
alterable m length; but since much mom care 

ilresetvnfJn tak( ? ?VGr mam pulation and 
I ruination, and since the readings are not 

ordmiv ^* nCt ’ “ Cham 15 pKferable fOT 

»^3KL. 
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SURVEYING 


The Offset Staff is a round, wooden rod, 10 links long, painted m 
two or three colours (red, black, and white) to show 3 link lengths, as m 
Fig 4. It is fitted with an iron shoe and sometimes also with a brass 








Era 4 — Offsot Staff 



hook for dragging the cham through a hedge or other awlavard place 
Occasionally it is jointed at the centre It is used for measuring 
short distances — or offsets — from the chain line to objects near 
Banging Rods are similar rods, 6, 8, or 10 ft long, painted m two or 
three colours, and shod with iron shoes They are used to mark 
station or other pomts in a survey, so that straight lines may be ranged 
out over the ground and chained if necessary If the painted divisions 
are m feet or link lengths, the rods may be used as offset staves 

Whites are small pieces of cleft stick, cut from the hedges, and 
carrying shps of paper to enable them to be easily distinguished. They 

are used to assist m ranging out lines, 
and render unnecessary a large number 
of ranging rods 

Arrows are iron or steel pms (Fig 1) 
15’ to 24" in length, sold m sets of 10, 
and used to mark the end of each chain 
length when measuring a long hue 
The Cross Staff is a small instrument, 
21 " to 4’ across, and is used to set out 
right angles in the field, particularly in 
the case of offsets which are too long to 
allow of their direction being judged by 
the eye alone There are several forms in common use, such as those 
by Stanley shown m Figs 5 and 6, which fit on to a short iron-shod 
staff The four vertical arms in Fig 5 and the eight faces in Fig 6 
are provided with vertical slits or hair hues The rod is held verti- 
cally over a point on the cham 
line, and the instrument turned 
until the line of sight through one 
pair of opposite slits is along the 
chain line Then the line of sight 
through the two other slits (in 
Fig 5) is at right angles to this, 
and a ranging rod may be directed 
into a convenient position for 

marking it With the octagonal type, angles of 45 or 90 may be 

set out , . . , 

The point on the cham lme where falls the perpendicular from any 

definite object may easily be found by a few trials 

The Optical Square is used for the same purpose as a cross Stan 


Era 5 

The Cross Staff 




Era 7 — Optical Square 
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CHAIN SURVEYING 5 

nsuallv consists of a small cylindrical box about 2" m diameter, m which 
are fitted two mirrors at right angles to the plane of the mstrmnent. 

IV 7 gives a general view of the instrument as made by Harling, 
and fig 8 as made by Steward, while Fig. 9 is a diagrammatic view 

S h°Er|presents the position of the eye, and the object at C can be 
observed through small apertures in the sides of the box, and through 
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Fig 9 — Principle of Optical Square. 
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the lower unsilvered part of the mirror A Usually EC would he along 
the chain line and C would be the pole, towards which the cham line was 
bemg ranged An object D approximately at right angles to EC 
would be seen in the top silvered portion of the mirror A, after reflec- 
tion from the other mirror B. When the angle DOC is exactly 90°, 
the image of D would be immediately above that of C (Eig 10 a), 
the rays being as shown in full lines m Eig 9 When, however, O' OC is 
not quite a right angle D' would appear 
to one side of C (Fig 10 b), the rays 
bemg as shown m dotted lines m Fig 9. 

If D is a fixed pomt and it is required 
to find where the perpendicular from 
this cuts the cham line, the instrument 
would be held to the eye while the Sur- 
veyor walked along the chain hne to- 
wards C When the two images appeared m the same vertical 
hne the point immediately below the instrument would be the foot 
of the perpendicular required 

The optical square is a special case of the box sextant, and its 
theory will be dealt with later Like that instrument, too, it must be 
kept honzontal when observations are being made so that its use is 
restricted to moderately level ground. 

To test if the instrument is in correct adjustment, range out a 
straight lme (Fig. II) upon fairly level ground, and by standing at any 
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6 SURVEYING 

pomt B on tins, and looking towards A, direct a staff man at D to the 

right or left until the image of the pole he is 

A holding coincides with the pole A seen by 

direct vision in the lower part of the glass 
Now hold the instrument upside down, look 
along the hne BC towards C, and set out a 
point D x at right angl es to B C If the mirrors 
m the instrument are in their true positions, 
B, D, and D x should be in hne, x e the two 
perpendiculars BD and BD X should coincide 

If D and D x do not coincide, but the angles ABD and CBDj overlap, 
then the angle between the mirrors is too large, i e is greater than 45°. 
If D and do not comcide, and the angles do not overlap, as in Fig 11, 
the angle between the mirrors is too small In some instruments 
the mirrors are permanently fixed by the maker, and so cannot be 
easily adjusted in other forms a special key is provided by means of 
which one mirror may be rotated relatively to the other as explamed 
on p 72 for the box sextant. 

The Adjustment of the Cham — To unfold the cham, the two handles 
are grasped m the left hand and a few pairs of links unfolded The 
remainder of the cham is then taken in the right hand and thrown 
forward The 50 tally is found and held by an assistant, and the two 
lengths separated, after which one handle is taken ahead and the 
chain stretched into hne ready for use 

To fold up the chain after use, the two halves are brought to he 
alongside each other so that the two handles come together The 
folding is commenced at the 50 tally The first two pairs of hnks from 
this point are folded across the left hand, then by grasping the end of 
the fourth pair with the right hand the next two pairs are folded and 
laid diagonally across the first set, and by a continuation of this process 
the chain is neatly folded into a wheatsheaf bundle as in Fig 1. 

Before the cham is used on a survey, any bent links should be 
straightened, and the length of the cham compared with that of a 
standard cham, or with some other permanent standard distance 
previously marked out, eg on a curb or on the plinth of a building 

If the chain is found to he too long after all the bent hnks have 
been straightened, it may be adjusted — 

(а) By clo sin g up any of the jomts of the small connecting rings 
that may have opened — especially if these are not brazed 

(б) By hammering back to shape, and so shortening, a number of 
the small rmgs that may have become elongated with the contmual 
strain 

(c) By replacing some of the worn rings by smaller new rmgs 

(d) By removing altogether, if necessary, one or more whole rmgs 
. The adjustment should be made as evenly as possible along the 

whole length of the cham, so that fractional parts as well as the 
whole cham shall be restored as nearly as is practicable to the correct 


length 


If the chain is found to he too short, it is probably due to the 
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rtu may De adjusted Dy srraigntemng tuese ju 
. found to be below the standard, eg, it the chain 

irlion fnn lrvnrr if tYintr Vva flr«4>fAv 


UJXJUX4. wuwvuviu^ XX11QV, \JX UJ XtsjJiaVJLLLg a JLCVY UJLLCOU Uj IcilgCJL OlZiCC 

or if necessary by inserting one or more new rings. 

The Principle of a Cham Survey lies in the provision of a skeleto: 
framework of straight lines, that can be plotted to scale, when th 
lengths of these lines aTe determined 

To enable this to be done the framework must consist essential! 
of triangles, as a triangle is the only simple plane figure enclosed b 1 
straight hues which can. be plotted from the lengths of its sides nlnno 


xuuh, IX me ionr sides ot a figure ABCD (Fig 12) are known, the figiu 
can only be plotted— unless the magnitude of one of the angles is know 
—by dividing it into two triangles 

by a diagonal AC or BD, whose Ah n 

length has previously been deter- s ' ~7Y 

mined, or by a measured tie Ime / \ 

such as bd, which is equivalent m / S " n n n \ 

effect to BD, because it fixes the / \'' \ 

points B and D But it is advis- 4 ' S' \ \ 

able to have some check upon the / / - // '\ \ 

accuracy of the framework, and / / \ \ 

tins is furnished by obtammg the / < 

lengths of a few more lines than zr^ 

% 12 , 7 *ast££f§: m plan -,„ Thus ’ 1 

quadrilateral can be ulntf-pd S™ +. * l i ’ and are known, t! 
be undetected unless lame enmwh , mista ^ es m an 7 °f the lines woul 

the figure, or to cause two aide? of f ltCT tte sha P e ( 

than the third side when tfip u a i u the triangles to appear lei 

as AC would uleSom be n0t plo ? ed A *b* lk 

the plan should agree with its Ipno+fi ^ 6 ’ aud , lts len gth scaled froi 
The exact arfnlment of ? easured ° n the ground, 
particular survey can onlv l a ^ nes t° be adopted for an 
of the peculiar conditions^ the rase Th^h ^ Considera tio 

c s n necessar7 degree ( 

011 P a Pet will often be foundfanit* 1 ms P ecte d, as a likely scben 
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8 SURVEYING 

(3) A sufficient number of lines should be measured to enable 
the framework to be plotted, ic the system should virtually be 
composed of triangles as explained above These triangles should 
be as well proportioned, te as nearly equilateral, as the conditions 
permit 

(4) A few extra lines should be skilfully chosen and measured to 
act as checks and tie lines 

(5) As many as possible of the chain lines, including the check 
lines and ties, should run sufficiently near to the hedges to enable detail 
to be surveyed with a minimum expenditure of time and trouble, i e. 
the offsets should be as short as possible 

(6) The lines should be measured m such order as to prevent as 
much as possible any useless walking between stations 

Method of Procedure — The general scheme having been decided 
upon, the station points, i e the angular points of the framework, are 
fixed on the ground with wooden pegs, and a key plan showing the 
various lines, numbered or lettered, is sketched m the field book 
Chaining commences from one of these points and is carried through- 
out all the lines of the frame as continuously as possible 

To chain a line at least two persons are required, but frequently 
three are employed — the Surveyor himself, who does the reading and 
booking, the “ leader,” and the “ follower ” 

The direction of the first line having been marked out by means of 
ranging rods (or “ whites ” if necessary), the leader taking with him 
the ten arrows, drags the chain ahead 

The follower holds the rear end of the chain at the station point, 
and by movements of his arm directs the arrow or ranging rod held by 
the leader for the purpose, into true alignment The leader then 
pulls the cham taut, and inserts an arrow m the ground to mark the 
end. After ascertaining that none of the connecting rings are knotted, 
measurements are taken from the cham line to any objects^ near t lat 
are to be surveyed, and these measurements are termed offsets 
when the objects he on the outer side of the cham, and insets 
when they he on the inner side (see Fig 30) Usually, however, the 
distances are called offsets, irrespective of the side of the cham on which 

they lie, and the term “ insets ” is avoided 

As already mentioned it is a general principle that these subsidiary 
measurements should be as small as possible without undue elaboration 
of the skeleton framework, the hunt allowable depending upon the 

scale to which they are to be plotted , , , > „ 

An object may be fixed with reference to the chain line by (a) a 
smde offset at right angles to the chain line , (b) a single obliqu 
offset at any definite angle, other than 90°, to the chain line , (c) wo 
Wr mSsurements from different points on the cham, forming a 
sLll triangle; or (d) two angular measurements from two points on 

/ r \ are generally employed m a cham survey, the latter 
teSo morilmpoSTomte, £<4) and (d) may ba ported to m 
exceptional cases. 
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CHAIN SURVEYING 


men the Surveyor has taken any offsets that he requires, either 
^ith the offset staff or with a tape, the leader again puHs on the cham, 
Cng an arrow to mark the position of the end of the first length 
The follower holds the rear end of the chain against this, and directs 
the leader into alignment as before. After the chain has been pulled 
taut, and the further end marked by the second arrow, the follower 
picks un the first and 


up 

carries it with him. The 
number of arrows in the 
hand of the follower at 
any tunc should thus in- 
dicate the number of 
complete chain lengths 
measured After 10 chains 
have been laid down, the 
follower hands over the 10 
arrows to the leader and 
the same procedure is 
earned out for the next 
10 lengths 



\zso 


zoo 


/SO 


(C) 



Fig 13. 


wo ' 


Field Book. — The field 
book is an oblong book 

lunged at the narrow edge and the chain is represented in it either 
by one or by two red or blue lines ruled down the centre of the 
length of each page. 

The hooking is commenced at the bottom of the end page and 
earned continuously through the book, so that when the operator in 
the field is inserting any dimensions the chain line on the ground and 
that in the book run m the same direction 

Methods of booking vary consider- 
ably, but approved forms of field notes 
will be found on pp. 20-22, and attention 
is drawn to the following details 

Station points are sometimes lettered 
or numbered, and a small oval or rect- 
angle is drawn m the field book to 
enclose the chainage figures, or 'the 
points are distinguished by a small 
circle at the side The lines meeting 

j s ^ a ^ on P om t are also indicated 
a ... and lettered or numbered as in Fist 1 % 

IhoditecTion'^^ °vf a ^ ne . m tbe book are sometimes written 
nr lot^7lh c i^U he Ch ; imng 13 ca ™ ed out and also ** numbers 
.1 to K ' * • L L ™ f! P ° mt f conne ? ea > c 9 “ Line 7, go north from 
< f I.me 7 '* S l mp > ” dline ^ ” or “ commencement 

refcrcnce > 110 hnG shoxdd be com- 
A feuce b^ i ^ thnt , ? onta,ns . tlie ^ of another line 

shun ft on tile double linn r* C n? , C i C ^ CUtt J, n § chain line obliquely is 
50 d0Uble Ilnc field b ook as m Fig. 14 («) ; not as m Fig! 14 (6). 
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10 SURVEYING 

When a field is bounded by a hedge and ditch, the true boundary 
is generally at the edge of the ditch (Fig 15), but as tlus is nearly always 
very ill defined, offsets are taken from the chain line to the centre or 
root of hedge, and usually this is the line which is delineated on the 
plan The position of the ditch is indicated by the small T, and the 
distance of the true boundary from the plotted hne is expressed as, 
say, “ 4 ft EH where R H signifies Root of Hedge, e g 

T 

4 ft RH 


In the calculation of areas, an allowance must then be made for 
the fact that the continuous hne on the plan is not the true boundary 
Frequently, although the offsets are taken to the root of hedge, the 
correct allowance is made while plotting, and the true boundary or 
edge of ditch is represented by the continuous hne on the plan, while 
the T sign indicates to which property the ditch belongs — ? e to which 
side of the boundary the hedge lies In this case the areas may be 
ascertained directly from the plan without any further allowance 
Occasionally again, the continuous hne represents the" root of hedge,” 
while the T shows to which property the ditch belongs — i e the T is 
on the opposite side of the hedge to the ditch This method, however, 
is not as common as the first two methods Each of the first two 
methods has its adherents, and it is very often impossible to tell from 
the plan alone which notation has been adopted 

The distance from the “ root of hedge ” to the true boundary vanes 
m different, parts of the country, and has such values as 4$ links, 
6 links, or 4 feet 

When there is a ditch on each side of the hedge, the boundary 

would usually be the centre 
of the hedge (Fig 15) 

The general principle of 
a chain survey having been 
noted, a few special prob- 
lems m connection with the 
field work will now be ex- 
plained 

To set out a right angle 
on the ground the follow- 
ing are the chief methods 
adopted 

i In the case of small 




(b) 


Fig 15 — Boundaries 


offsets such as those taken with the offset staff, the angle is merely 
judged by the eye 

u For larger offsets taken with the tape, if the zero be held at the 
object, and the tape swung round this as a centre, the foot of the 
perpendicular from the object on to the cham hne may be determined 
by noting that position which gives the m i n imum reading on the tape 
TEus pomt may be judged approximately by the eye, so that the arc 
through which the tape is to be moved is small 
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CHAIN SURVEYING 11 

in. Ang ular instruments may be employed, such as the cross staff, 
optical square, and bos sextant, which have already been referred to, 
or more precise instruments such as the theodolite 

lv. The chain only may be employed, or the cham and tape to- 
gether ; these methods mostly depend upon Euclid 1. 47 or its converse 
I 48, and it may easily be seen that triangles having their sides in any 
of the following ratios contam a right angle opposite the longest side : 

3 : 4 : 5 

5 : 12 : _ 13 

1 • 1 • or 1414 

1 : Jz or 1 732 . 2 (? e half an equilateral triangle). 

As an example of the use of the first and most common of these 
ratios, assume the perpendicular is required to be set out at the end 
B of any particular cham length AB (Fig 16) While the cham is 
stretched on the ground mark the position of the 70 tally at C by 
means of an arrow, z e CB =30 ft. Slip the handle of the cham over 



an arrow at B and skewer or hold the 10 tally at C. If the 60 tally 
be now found and the chain pulled taut to D as m Fig 16 the angle 
at B will be 90°, because CB = 30 ft , BD = 40 ft., and DC = 50 ft To 
check this result a similar procedure may be adopted on the far side 
of B from A and another right angle set out exactly as when using the 
optical square (Fig 11) If the two operations do not yield the same 
result a mean may be adopted provided that the discrepancy is not large. 

Another method is to measure 25 ft (say) along the cham hue to 
each side of the point B, slip the handles over arrows at these two 
points (A and C) and pull the cham taut from the 50 tally at D, when 
BD will be the perpendicular required. The angles at A and C are 
each 60°. 

To cham across obstacles such as ponds or nvers which do not 
obstruct the view, or to obtain their widths : 

(1) Small distances can be measured by stretching the chain or 
tape tightly across, but the sag — especially m the case of the cham— 
is likely to cause considerable error if the distance is at all large. 
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A 




F 




at A and C set out angles of 90° — or any other equal angles if more 
convenient Fix any point E m the line from C and another point F 
m the hne from A so 
that F, E and D shall 
be in hne. Then be- 
cause the triangles 
AFD, CED are simi- 
lar, if the lengths 
AC, CE, and AF are 
measured, CD can be 
deduced 

CE. AC 

,e _ „ 

' ' Fig 21. 

(6) Let poles be 

fixed on the cham hne (Fig 22) at C and D, points on the banks of 
the river. At C set out CE at right angles to AD (preferably with 

an optical square) and measure 
any convenient length CE. At 
E set out EA at right angles 
to ED and prolong this line to 
A, its mtersection with the 
mam cham hne AD Measure 
AC. Then because the triangles 
ACE, ECD are similar, 

AC : CE • CE CD, 

CE 2 

from which CD = Jq - 
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Fig 22. 


_ % (7) The points C and D 

(Fig 23) being on the chain line near the banks of the river as before, 
set out a definite angle 

A L Y\W n 


at C and measure any 
length CE prolong CE 
to F, making EF some 
multiple of CE, i e. n CE 
(say), where n may be 
unity if desired. At F 
set out an angle EFG 
equal to the angle DCE, 
and prolong the hne FG 
to G so that G is seen 
to be m hne with E 
and D Measure the 
length FG. Then as the 
triangles CDE and FGE are similar, CD the length required is equal 

to FG— n or~.FG 

It may be noticed that it is not necessary that the angles at C and F 



Fig 23. 
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CHAIN SURVEYING 15 

necessarily very short, so that points at a distance located from the 
prolongation of this line are subject to two serious sources of error, 
(1) due to the initial angle bemg inaccurate, and (2) due to the difficulty 
of accurately producmg the short length for any considerable distance. 

To range a Line over a Told in the Ground — Let A and B (Fig. 25) 
be two station points, each hidden from view of the other by a fold m 
the ground, and let it 
be required to cham 
from A to B. The line 
can generally be ranged 
by two operators, who 
take up intermediate 
positions C and D, so 
that A can be seen from 
the more distant point D 
and B can be seen from 
C. These first points C 
and D are as nearly m line with A and B as can be roughly judged, 
but are shown in the figure an exaggerated distance from AB for the 
sake of clearness The person at C holds up his ranging rod and directs 
the ranging rod held by the operator at D to a new position D, in hue 
with himself and B. Then B 1 directs C to Cj m the line D,A Then C, 
repeating the process, directs D x to D u in the line CjB, etc In this way 
A. 0, D, and B are very quickly ranged into one line, and AB can be 
cJiamed in the usual manner. 

If it is found impracticable to fix two points as above so that D can 
be seen from A and B from C, a similar method may be carried out 





with three or more rods C, D, E,F, . . . Fig 26 indicates the cor 
mencement of one such solution, the notation bemg as in Fig 25 
Inclined Measurements— The horizontal projection of alme’whn 

m rtf slo ? mg F ound 1S found h J one of two methods Eith 
U) the slope length ( l ) is measured with the cham in the usual w? 
and the inclination (3 of the ground taken with a clinometer, Abn« 
°* ot r T instrument, when the horizontal distance is easi 
calculated from taWes os Z cos fi, or (2) the horizontal distance 
measured directly in the field by the process of " stepping.” In tli 
incthod a portion of the cham, say 25 to 50 links, the length dependir 
upon the steepness of the hill, is held horizontally with one exiremil 
on the ground, while the pomt vertically below the other extremil 
is lound by means of a plumb-bob and marked. The next “ step 
is commenced from this point and the process contmued until tl 
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whole horizontal distance is measured (Fig 27) Instead of using 
a plumb-bob, sometimes a stone or an ordinary arrow is dropped to 

mark the point, but 
this is not to be recom- 
mended A special form 
of drop arrow is shown 
in Fig 28 The differ- 
ence between the hypo- 



Fio. 27 — Stepping 


chain 


% L - — tenuse and base is given 
on some instruments, 
eg on the back of the 
vertical circle of a theodolite, and small tables are also published 
The deduction to be made from the slope length is negligible unless 
the angle of slope approaches 3° or more — for 3° the amount to be 
deducted is 0 137 links per chain 

If the ground is uniformly sloping, it is probably more accurate 
and expeditious to measure the angle, and cham along the slope as in 
the first method, the horizontal distance being deduced afterwards, 
or the difference may be allowed for at the end of each cham length 
as the work proceeds , but very often the slope is not uniform and 
steppmg is probably then to be preferred 

Plot- fang the Survey — The skeleton framework of mam 
lines is plotted by selecting and setting off on the paper one 
of the longest lines as a base, then plotting the various 
triangles, etc , from this by means of beam or other compasses 
The choice of a suitable base can best be determined by 
an inspection of the small key plan , and if this is not already 
given in the field book, it should be compiled from the notes 
before commencing the proper plan 

The accuracy of the framework is verified by means of the 
tie or check lines taken for this purpose m the field, and if any 
large error is detected, its whereabouts on the survey can 
probably be located approximately, when that portion of the 
work must be rechained unless sufficient data has been booked 
to obviate this 

(The error “allowable” in ordinary cham surveys 

mentioned later ) , 

It is advisable to ink in the framework lines m a famt red Arrow 
colour, or at least to so mark the station points and a small 
piece at the extremity of each cham line that they can be quickly 

ruled m again if required _ 

The offsets are readily plotted m pencil by means of an offset 
scale, which is a short rule 2" or 3" long, sliding along the ordinary 

808 The plan is next inked in, coloured, and the title, etc , Panted, a 
scale is drawn, and also a “ North Point ” the magnetic north is 
1T ,rl, rated as w ell as the true north 
If convement the plan should be oriented, te the side margms 
should he due N and S , the north being at the top of the plan. 
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Scales -—The following are some of the more usual scales employed 
Chain Scales — 1, 2, 3, 4, 5, 6, 8, or 10 chains to 1 inch. ' 
Foot Scales.— 10, 20, 30, 40, 50, 80, 100, 200, 400 ; 33, 44, 88 ft tc 
1 inch. Details may be drawn to f, f , f", f, l\ or IV to 1 foot. 
Some scales are divided along one edge mto 10, 20, 30, or more divisions 
to one inch, and can be used to plot a number either of chams or of 
leet to 1 inch. If these divisions are taken to represent chams and 
hnks, fe opposite edge may be marked “feet equal” and be so 
graduated that the divisions represent feet to the same scale. Thus if 
J S be ma f e ™jth a Gunter’s cham, and plotted m chains and 
hsfa wrth one edge of the role, distances m feet may be scaled directly 
from the plan, if required, with the opposite edge. y 

Ordnance Scales, etc.— General maps in various forms— 1" V or V 

m°«1^6 ; i nZt,TSe S or^„ 00nt0 " r ^ “* 0I<Wce ’ benCh 

Parish maps, to a scale of 25 344mches to 1 mile, or and known 

as the 25-inch maps, show frequent spot levels alo^a& but 2 
contours , and 1 square inch approximately represents 1 acre * ^npptal 

Ssr? 40 a scale of 50 1 

mil s - ca l e of 10 * » or m °re accurately 10*56 ft to 1 

ift -i &-JT4 » ■ - 

-MmmSS, SmifiSSSS 

the IMioO s^rS'co^rt' 6 * Shee ‘ 26 - “ d the 4 ma P s “f 

we^mdicated by the letters H.W.. nT&T or sCTsS 

one S £“rf lPOOmt 6 ! 4 ^ °I 1/10 - 000 scale eorrespondmg to 
•» Sheet 26 ° On S wfig&f J > 2 t f > * 

rectangles lettered A BCD V’ 00 Vi 66 * was ruled a senes of 
squares havinn aidm'innn L-i. a ^ d tlie ? e ™» subdivided mt 



■*» ** * arasEr b°T f ■ 



The " square” W i.* /°“«du>g t° the aceuracf required 

were also sLrnn upon thflfifi nm “T^io the 1 W>0 maps 
referred so +T, 0 t , 720,000 and 1/10,000 maps to which thev 

eoroptatebr located E°f.. 0a ** l 120 ’ 000 ** Stance “odd be 

20 K IV 0, 8 b, 18? 24. rrference sucL as > for example. Sheet 
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Copying, Reducing, and Enlarging. —If a copy of a plan is required, 
one of the following methods may be employed, to obviate the necessity 
of plottmg the whole afresh from the field notes 

(i ) Place over the plan a piece of tracmg paper or tracing linen, 
and trace on to this in ink all the details required When using linen 
the drawing is usually done upon the dull, and the colouring upon the 
glazed side The colour and the ink will be found to flow more evenly 
3 a little ox-gall is added, or if the surface of the cloth is rubbed over 
with powdered chalk before commencing operations 

(u ) A copy may be made upon ordinary drawing paper by using 
a sheet of transfer paper This is simply a sheet of thin paper such as 

tracing paper, one side of 

which has been rubbed with 

black lead or with a soft 

pencil, and it is pmned \ J 

down with the black side /MSi h 

m contact with the sheet Vk ^ Y\ jfc f/sh Wmm 

on which the plan la to be 

copied Above it is pmned ' . j 

either the ongmal plan or Fjg 31,-GUa, Tmcmg JU>le. 

a tracmg, and the outline of 

this is traced over with a hard pencil. An imprint will thus be made 
on the lower sheet, which can be mked in and a finished drawing 
prepared 6 

(m ) An uncoloured tracmg having been prepared, any number of 
copies can readily be prmted upon sensitized paper, linen, or mounted 
paper, giving an almost black or a blue line upon a white ground A 
white line upon a blue ground is not used for survey plans, but chiefly 
for mechanical drawings 

The plan is prmted on the prepared surface, like an ordinary 
photograph, by placing it behind the tracmg m a frame and exposing 
to sunlight or to an electric arc for a definite time. Generally the 

pant is developed ” m a clean water bath, dried, and coloured m the 
usual way 

(iv ) A copy may be made by pricking through a number of points 
irom the ongmal drawing, inking m, lettenng and colouring. 

( v ) -By placing the sheet of drawing paper over the original plan 

laid on a plate-glass tracmg board or table (Eig. 31) beneath which is 
a reflecting mirror, a copy can be made by tracmg without such injury 
to the plan as would be caused by pnckmg J J 

is rimi!rP(S tll0 |i apll T 1S T pl T d ^ ben a lar S e number of copies 
is required The plan is transferred from a tracing in lithographic 

mk on to a stone, from which the copies are prmted off. There is 

be tS flTrtf ° f ^ rmka 5 e due t0 the ^jung, so care should 

kanstmd ^ 18 ^ Up ° n tie *a?ing before be “g 

bv & 0Ve ^ !S° ds tbe cop ^ is t0 tbe same scale as ^e original; 

to C °? leS be obtained ^ the same scale, or 

to either a reduced or an enlarged scale. 
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(vii ) By the use of proportional compasses (Fig 32) a plan may be 
copied to almost any scale Distances are measured 
from the plan by means of the points at one end of the 
instrument, and are plotted on the copy with the other 
pair of points The ratio of these distances is fixed by 
the shde and is indicated by the scale marked on the 
face of the instrument 

(vm ) Draw lightly in pencil on the original plan, or 
on a sheet of tracing paper covering it, a network of 
squares as m Fig 33 If the survey is to be copied to a 
scale n times the original scale (n being > =or < unity), 
draw on the new sheet a similar network of squares 

having their linear dimensions - times those of the first 

set Eg if the original plan is plotted to 2 chains to 
1 inch scale, and the copy is required to 3 chains to 1 inch 
scale, n =4 and the linear dimensions of the squares will 
be reduced m the ratio of <j 

Note where the lines on the plan cut the sides of the 
squares and mark the corresponding points on the copy, 
sketching m other detail by the eye 

(ix ) The pentagraph or pantagraph is chiefly used 
for making reduced copies of drawings As shown by 
Stanley m Fig 34, it consists of a light brass framework 
of tubular construction, mounted on castors, and freely 
hinged at the joints , it is provided with a heavy block B 
as a fulcrum about which the instrument moves, and 
with two tracing points The outer of these, C, is moved 
over the lines of the original drawing while a pencil at 
the other point D marks out the copy This pencil may be 
■ Fl ° 32 raised off the paper by means of the light cord passing 
Proportional t i ie outer tracing point The position of the fulcrum 
Compasses ^ ^ q£ the middle tracing p 0m t may be moved 
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Fig 33 —Method of reduc ng or enlarging Drawings 
along scales marked on the framework to give the requisite 
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-tsrar ^ 

remains a parallelogram, i e 
tfP x is parallel to aP 2 , dF 
and aF are m one line and 
the angle P x dF is equal to 
the angle P<>aF, so that if 
P,d d¥ . P 2 a • aF, then 
triangles PjdF and P 2 aF are 
similar and P 2 F and PjF lio 
m the same" straight line 
Hence when the length Fd is 
fixed and P x set m its proper 
relative position on dC, the 
ratio of FP t to FP- is a con- 
. Fd 

stant, hemg equal to 

Any movement of P 2 
through a distance x pro- 
duces a corresponding move- 
3?c£ 

ment of Pj though * x, and 34 — Pantograph 

. Fd 

consequently the linear reduction in size of the copy is -^ a - 

"With this settmg of the instrument the greatest value of this 
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Fig 35 — Pantograph 

s 

fraction is which means the reduction must be at least -I the hnear 
dimensions 


FP P d 

If F and P x are interchanged (Fig 35, b), which 


is 


constant as before and this fixes the ratio which the size of the copy 
bears to the original It may have any value less than or be equal to 
unity. To mate an enlarged copy P x and P 2 would be interchanged 

in either of the above arrangements. . 

(x) The eidograph, though more expensive, is a more reliable 
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instrument tlinn the pantograph, and it can be used to reduce or 
enlarge drawings in any proportion The pantograph is more or less 



Fro 36 — Tho E dograph. 


limited to the specific proportions shown by the markings, unless the 
required positions are found by trial 

By reference to Fig 36 the cidograph will be seen to consist 
of three bars of tubular construction, each graduated as shown 

At the ends of the centre bar are 



pulley wheels, on the underside of 
which are boxes through which the 
outer bars may sbde until adjusted 
and clamped The fulcrum may also 
be moved along the centre bar Con- 
necting the two pulleys is an adjust- 
able steel band which ensures that 


Fig 37 — Tho E dograph the two cross-bars always remain 

parallel to each other 

To set the instrument, the bars are moved through the shdes until 
BjC, P 2 d, and ab are divided m the same ratio (Fig 37), » e. 


P 1 a_ db _uF 
ac &P„ F6* 


and as PjC and dP 2 are equal. 


P 1 o _ P„6 
oF = 6F ’ 


also as PjC and P z d always remain parallel, the angles P 2 crF and P S 6F 
are equal, and consequently the triangles P^F, P 2 6F similar P 2 , F, 

FP 

and P x are thus in line as m the pantograph, ^ is constant for all 

movements of the instrument, and as before this gives the value of the 
reduction If each of the bars is graduated outwards in 100 divisions 
from the centre, and the scale is required to be increased from n ft to 
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1 inch to m ft to 1 inch, i e the linear dimensions on the plan are to be 
reduced in the ratio of n to m 

Then if a? be the number of divisions, each pomt P 2 , F, and Pj is to 
be moved from the centre of the bar, , 

ri _ FPj 100 - x 

m FP 2 bF 100 + a; 5 

__ 100 (mi - n) 
x > 

m +n 


and 


eg to reduce from a scale of 1 cham to 1 inch to 80 ft. to 1 inch 

® = — g^-- g 6 — = = 9 59 divisions on each bar. 

Areas. — The chief methods of determining areas will now be 
described. In some cases, it will be noted, it is necessary to have 
previously plotted the plan to scale, while m other cases the calculations 
can be made direct from the field notes 

1 If the surface whose area is required is bounded by straight 
lines, the enclosed area may be found by dividing the figure into a 
number of triangles and finding the area of each of these in turn by 
the well-known formula J * 

Area -^bh, . . (1) 

where b is the length of any side, and h is the perpendicular distance of 
e opposite vertex from this side. Generally the triangles can be 
taken m pairs so that one base serves for two triangles and the calcula- 
tions are simplified. If the sides of the figure are not straight, by 
“J ed S e of a transparent celluloid set square or a black thread 
sketched across the paper “ give and take ” lrnes may be drawn to 
verage these, and the uneven boundaries replaced by straight lines 
An example is given in Fig 38, where the dotted lrnes are drawn to - 
include as nearly as possible the same area as the original boundaries, 

of thosVXked 6 6 B should be e( * ual 1)0 tbe sum 

are^oalirfl* 11 an 4 tbe P er P en &cular distances AA X and DD, 
the plan ^ 12 54, 672, and 598 chains respect 
ively The area is then *BC AA, + £BC . DD, =iBC (AA + 7Yn i 

S 2 W 9 ?>f 7 l 63 *l ‘hams or 7 9?3 aZes ab^ 1 ^ 
Another formula which is sometimes useful for determining 
the area of a tnangle when the s.des and angles areknownif 8 


Area =bbc sm A, . 


( 2 ) 


where b and c are any two sides and A is the angle included between 
Applying this to Fig 38, if AA=85°-46', AD=89°-3’,AB=8-92 

Any text-book on Elementary Trigonometry 
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28 SURVEYING 

chains, BD =10 35 chains, DC =7 25 chains, CA=9*50 chains, then 
the area of the triangle ABC = ^ x 9 50 x 8 92 x sin 85°-d6 / sq chains 



log £=169897 
log 9 50= 97772 
log 8 92= 95036 
log sin 85°-46' = 1 99881 
log area = 1 62586 

area =42 253 sq chains or 4 225 acres 
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Similarly the area of the triangle BDC = 37*514: sq chains or 3*752 acres, 

and total area =7*977 acres about. 

3. Another formula 1 which may be used wljpn the three sides of 
each triangle are known is ' 
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Area= *Js(s-a)(s-b)(s-c), . . (3) 

where a, 6, and c are the lengths of the sides and s — — - ^ +c . 

Applymg this to Fig. 38, in the triangle ABC a =12*54:, 6 = 9 50. 
c=8 92, 

and s = 15 48 log s = 1 18977 

.\s-a= 2 94 log s-a = *46835 

&-& = 5 98 log s-b = *77670 

s-c= 6 56 log s-c — 81690 

2 ) 3*25172 
log area =1 62586 

and area of triangle ABC =42 253 sq. chains 
Similarly area of triangle BCD =37 514 sq. chains, 
and total area as before =79 767 sq chains* 

or 7 977 acres 

4 figUTe bounded by a number of straight lines as ABCDE 
may be reduced geometrically to a smgle triangle as shown in Fig- 39 

J om BE, and draw a parallel line AF through A. 8 

. Produce CB to cut this m F and join FE. Then the triangle EFB 
w equal m area to the triangle EAB because they are on the same base 
E13 and between the 
same parallels, so that 
the whole figure EFCD 
is equal to the onginal 
figure ABCDE, and the 
sides are reduced by one 
in number. Similarly ] om 
EC, draw a parallel hue 
through F, and produce 
DC to cut this m G. 

Join EG. 

before, the figure 
GED is equal to the 
figure EFCD, which is 

reduLdft B n CDE ‘i ^ r ° Cee ? m S b t] us way, any such figure may bi 
e^lamed g6 mngIe whose area can deducedas alrLl : 

f1ln By tbe application of this method to Fig 38, ABDC is reduced 
the equivalent triangle ECD, from which gy scilmg ED k equal t 

Any test-book on. Elementary Trigonometry 
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22 00, and the perpendicular distance from C = 7 25, and the area by 
method (1) =7 975 acres 

5 In the case of a large survey the area enclosed by the survey 
frar&ework lines may# be calculated by subdivision into triangles, but 
the long narrow steps of ground between these straight framework 
lines and the irregular boundaries may best be calculated by means of 
f ordinates from the survey line. 

In a general case m which neither boundary is straight a base line 
is taken through the area as m Fig 40 and divided into a number (n) 
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Scale of Chains 
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Fig 40 — Calculation of Areas 

of equal parts The ordinates at each of the division points are 
scaled from the plan or measured direct on the ground, as, for instance, 

0 0 Oj 0 2 0 3 . O n 

The area may then be calculated approximately by taking an 
average of these ordinates and multiplying by the length AB ( =1 say), 

l e + • W 

The area of the plot shown in Fig 40 by this formula is found to 

b e x 5 5 = 10 73 sq chams or 1 073 acres 

6 1 A more accurate formula is that given by the “Trapezoidal 
Rule,” which assumes that the boundaries between the extremities of 
the ordinates are straight lrnes 

/O n + Oa l 

the area of the first division = y g ) n’ 

, , . /Oj+O,^ l 

the area of the second division - ^ ^ ) n > 

. 

/Q »_i + O n \ ^ 

the area of the last division = ^ 2 / n’ 

By summing these it is seen that the total area 

O«+20, +20, + . • • 20„ = i+_On L . (5) 

2 n 






( 5 ) 
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1 * 


, . 44-33 5-5 

and the area of Eg. 40, by the use of this formula, is 2 x n 

_ ii-ftRsn ebams or 1*108 acres. , , . 

7 Simpson’s Rule assumes that the boundaries being curved may 
be considered as portions of parabolic arcs, and consequently the rule 
is sometimes known as the “Parabolic 
Rule” 

Thus let aa v bb v cc 1 (Fig. 41) be any 
three consecutive co-ordmates from the 
straight hne to the curved boundary, 
and at equal distances d apart. Join 
cutting 66, in & 2 . 

Draw a 2 &i c 2 through 6, parallel to cqc. 

Then the area required ao 1 6 1 c 1 c6a may 
be considered as composed of the trape- 
zoid aaj&gCjCa, together with the segment 
a 1 6 1 c 1 6 2 o 1 under the curve 

But if the arc 0,6,0, is assumed to be 
a parabolic arc having its axis parallel to the ordinates, then the 
area aMVa is equal to two-thirds of the circumscribing parallelo- 
gram a 1 o 2 &iC 2 c 1 a 1 , 



Fig. 41 — Simpson’s Rule. 




l) 


2d 


. 2 d + 1(66, - 
- = |_|ao 1 +466,+cc, J. 

This proof holds for any three consecutive co-ordmates on either 
side of the base hne, so that the area included between 

O 0 and 0 2 is |(O 0 + 40, + 0 2 ), 
between 0, and 0 4 the area is ^(0, + 40 3 + 0 4 ), 



between O n _ 2 and O n the area is ~(0 rt _ 2 + 40 n _ 1 + 0 Jl ). 





Adding these, the total area is 


|(0 0 + 40, + 20 2 -* 4(3, + . . . 20 n _o + 40„_, + O n ). (6) 

u 

It must, however, be’borne m mind that this total is made up by 
considering the partial areas in pairs, so that to use this formula there 
must be an even number of divisions and hence an odd^ number of 
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32 SURVEYING 

ordinates If an odd number of divisions has been taken, the area of 
one of these must be calculated separately and added to the result of 
Simpson’s Rule applied to the remamder 

( ther efore, sta tes .that-if^thedine-bp. divided,mto any 

evennumberof divisions,_the area is equal.t o the sum o f thg first and 
l§§fL.°rdmates .+ twice^the„£um of the .remaining odd ordinates + 
faurjames„the sum.of v all.the,.e,ven^rdjua.tes_multiphed. by one-thud 
Qf^the common distance.apart “ " " 

Applying the rule to the example m Fig 40, we get 

Sum of first and 11th ordinate = 2 75 
4 x sum of even ordinates =4 x 10 42 =41 68 
2 x sum of odd ordinates =2 x 8 79 = 17 58 


Total = 62 01 

f* 

The area from O 0 to O 10 is therefore 62 01 x ~ = 10 33 sq chains. 

O 

The area of the extra division O 10 to O u = - ^ x 5= 79 sq chain. 

Total area -10 33 + 79 =11 12 sq chains or 1 112 acres 

8 The method of mid-ordmates, like the Trapezoidal Rule, assumes 
the boundary lines to be straight Ordinates are taken at the mid 
points of each division, and the area is given by the formula 


0 / + 0 / + 0 / + 


0,/ 


xl 


n 




or » 


( 0 / + 0 / + O.J + 




(7) 

(8) 


The area of the example m Fig 40, by the application of this 

OQ 9fl 


09 39 

method, is found to be x 5 5 = 11 19 sq chains or 1 119 acres 

9. A piece of tracing paper may be ruled m squares, each having an 
area representing a definite number of square links, chams, or feet 
By placing this over the plan the number of whole squares falling 
■within the boundaries may be counted and the areas of those portions 
of the squares cut by the boundaries and included within them can be 
estimated Celluloid sheets ruled in acre squares for different scales 
are also manufactured 

10 The tracing paper, mstead being ruled into squares, may have 
a senes of parallel lrnes drawn upon it at a distance representing 1 chain 
or other convenient measure apart When this is placed over the 
plan the mean length of each strip is scaled between “ give and take 
fines at its ends (Fig 42) by means of the ordmary plotting scale, so 
that if the distance apart of the fines is 1 chain and the total length of 
all the stnps is 152 40 chams, the total area is 152 4 sq chams or 15 24 

acres. 
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The length o! each strip need not be written down separately, as 
the addition can be done mechanically on the scale. For instance, 
if the zero of the scale is fixed against a (Fig. 42), and the reading at o 
is 2 34 chains, this readmg may be placed against c and the reading 
at d gives the sum of the first two strips : the readmg at d is then 
placed m line with e, and the process repeated until the whole length 
of the strips is ascertained. As an alternative, the lengths may be 
marked off continuously upon the edge 
of a long strip of paper. In Fig 42 the 
small portion n is not included m this 
calculation, and its area must therefore 
be determined separately and added 
to the result. Generally, however, by 
turning the tracing paper relatively to 
the plan a position can be found at 
which the boundary is exactly mcluded 
between two of the parallel lines . no 
odd pieces such as ?i then remain to be 
separately computed 

11. The computing scale (Fig. 43) is a contrivance for still further 
simplifying this process. Parallel lines 1 cham apart are drawn, and 
the length of the strips measured off continuously as before, but 
instead of readmg the scale at the end of each strip and then fixing 
this same readmg at the commencement of the next strip, the position 
on the rule is marked by means of the line on the sliding cursor, and is 
mechanically transferred to the next strip. There is no need to draw 
the give and take hues on the paper m this case, as the cursor line serves 



Fig. 42 — Computation of Areas. 
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Fxo 43 — Computing Scale. 


the purpose It will be seen that this method is very much more 
expeditious, and more accurate results are to be expected than when 
a plain scale is used. _ The instrument is graduated, so that for a 
particular scale the main divisions give the area directly m acres, and, 
as the main divisions are subdivided into four parts, each of these repre- 
sente 1 rood The edge of the scale may be further subdivided, as 

ll *j i rea ^ P°i es or perches , or the cursor may be pro- 
vided w ith a small independent scale for this purpose. 

. ^e plammeter is an extremely handy instrument for measur- 
ing areas from plans. The principle 1 may be understood by consider- 
ing the motion on a plane surface of a rod AB of any length l. Suppose 
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1 Lamb’s Infinitesimal Calculus. 
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this is given a very small displacement to a new position AjBj (Fig 
44) , then if BA and BjAj are produced they will meet at some point 0 
(though not necessarily at a finite distance away) The area swept 
over by AB, i e. AAjBjB, may be considered as the difference between 



Fio 44. Fid 45 

Thorny of Plammetcr 


the two triangles BB 1 0 and AA x O, te OBj sm 80 - £0A OAj 
sm 80, where 86 is the small angle at 0, t e 

|sm80(OB OBj - OA OA,), (9) 

but, as the motion is very small, sm 86=86, OB 1 =OB and OA 1 =OA, 
. . area swept over =|S0(OB 2 - OA 2 ) 

=J80(OB+OA)(OB-OA) 

=Z QB + Q A 86 

2 

But 86 is the small movement of the centre of the rod 

2 

at right angles to AB = 8c say, 

.• area swept over =l.8c, 

and the total area swept over during any finite movement of AB is 

fl.de oilfdc . . . (10) 

As an example of this, suppose the line AB moves directly to a 
parallel position A"B", as shown in Fig 45 

Then as/dc is the sum of all the small movements of 0 at right angles 



to AB Cdc=h, the perpendicular distance between the lines, te the 
area of the parallelogram ABB"A", is Ih and does not depend upon the 

actual displacement of C to 0 . , -p 

When the line AB returns to its original position, as shown m Fig 
46 the area swept over in the outward motion is BB^A^Awhich 
may be considered as positive, and m thereturn 
which may be taken as negative Ijde represents the difference 
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If the diameter of the roller is d units, its circumference is nd, and 
the area traced over for one revolution of the wheel is l n d units, where 
l is the distance from the tracing point to the pivot between the two 
arms The value of this would generally be some power of 10, eg 
for inch units hrd = 10, so that one revolution of the roller corresponds 
to 10 sq inches area, and the vernier reads to 01 of a square inch If 
the rea ding of the wheel after the outhne of the plan has been traced 
over in,a clockwise direction, by B is r, and the scale of the plan, is p 
chains to 1 mch, the area lsp 2 ? sq chains When the area is too large 
to be measured with one setting of the instrument, the plan may be 
divided into an arbitrary number of parts, and the areas of these 
determined separately 

A large area can sometimes be measured without subdivision by 
placing the point D inside the boundaries, when the instrument will 
have a much bigger range In this case, however, a constant, which 
is marked on the bar AB for different values of l, must be taken mto 
account, for, as explained above, 

IJdc = area traced by B - area traced by A 
and fdc — jdti + CC'/dd 

Here when D is within the diagram, the area traced out by A is no 
longer zero, but is a circle, of area w DA 2 , while fid is 2w radians. 
Hence IJdc = l[fdc' + CC'2tt] = area traced by B-w DA 2 , 

% e the area traced out by B = IJdc' + (l CO 27t+7T DA ) 

= IJdc' + constant . (13) 

That is to say, if the outhne is traced in a clockwise direction by the 
uomt B, and the reading on the wheel and disc taken as before, the 
area is obtained by adding this result to the constant engraved on the 
instrument, the sign of Ifdc' being taken mto account, as it may 

^^hTare^of the plot shown in Fig 40, by the average of several 
readings, was found to be 11 13 sq inches, which, as the scale is 1 chain 

40 almost exactly 

obtamed by Simpson’s KnJe (7), which is generaEy conadered to be fte 

most accurate of the ordinate roles The results of Methods 5, 6, and 

^cEEHe'^ey ^^ 0 ”^ toSyfom tiftabdar 
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where l x and l 2 are the latitudes and d x and d z the departures at the 
beginning and end of each line 

The . lines should be taken in order, proceeding round the figure, 
eitner in a clockwise or a ° 

counter-clockwise direction as 
given in the traverse table ; 
it is immaterial in which 
direction if the sign of the 
result is ignored. 

A general case is considered 
below Let ABCDEE (Fig 49) 
be the station- points of the 
traverse, AjBjCj . . their 
projections on the meridian, 
c, c v etc., their 
latitudes and departures The 
area is deduced as shown by 
the following table, and is 
given by the summation of 
column 2, in which is shown 
the application of the formula 
to each hue m turn , it ex- 
plains the method of dealing 
with positive and negative co- 
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Errors In Chaining 1 — The chief sources of error m the chaining or 
taping of distances arc 

(1) Mi tlalcs, such as* 

(a) The omission of one or more chain lengths due to the 

miscounting or the loss of arrows, etc. 

(b) Confusion of the tallies, such ns 40 and 00, 30 and 70, 

e q boohing 42 7 instead of 02 7 or vice versa . 

(c) The miscounting of the odd links between tallies, eg 

booking 15 7 instead of 44 7 or 40 7 

(d) The mistaking of a 0 for a 0 upon a tape, or, when badly 

worn or dirty, the mistaking of other figures 
(r) Confusion when the direct chninngc is interrupted by the 
mlcr\ cntion of obstacles such ns pools, trees, buildings, 
etc 

(/) The mistaking of the positions at which the end of the 
chain should be held — especially if marks are relied 
upon instead of arrows being used 
(q) Incorrect booking, eq 1354 instead of 1345. 

(/i) Incorrect booking when one person reads and calls out 
the dimensions, eg 7 and 10 sound \cry much alike 
when called over some distance 

(2) Cumulative Errors.— Positive errors causing the observed 

length to be m excess of the true distance, such as those 
due to 

(а) The length of the chain or tape being less than the 

standard, on account of 

(l ) The bending of the wire links 
(n ) “ Knots ” m the connecting rings 
(in ) The removal of too many rings during adjust- 
ment 

(iv ) The clogging of the rings with clay, etc 

(v ) Low temperatures 

(vj ) Shrinkage of a tape after becoming wet 

(б) The omission of a correction for sloping ground 

(c) Incorrect alignment 

(d) The sag m chains or tapes through not being pulled taut, 

especially over hollows or on uneven ground. 

(c) The bellying out of a tape due to wund 

Negative errors, causing the observed length to fall short of the 
true distance, such as those due to 

(a) The length of the chain or tape being greater than the 
standard on account of 

1 Seo Appendix IT 
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(1.) The wear or flattening of the connecting rings ; 
the opening of the ring joints if not brazed ; 
or the stretching of tapes. 

(ii ) High temperatures. 



t 


( 3 ) Compensating Errors, such as those due to 

(a) The incorrect marking of the ends of the various chain 
lengths owing to 

(1.) The leader holding the marking arrow in an 

inclined position, such as \* * * or / 

(11 ) The leader or the follower inserting a ranging 
rod or arrow through the chain handle and 
thus causing at either end a + ' e error 
equal to the thickness of the chain handle 
plus half the thickness of the rod. 

(m) The follower not holding the rear end of the 
chain exactly at the mark left by the leader, 
but allowing it to slip forward as the cham 
is tightened— the error being - ve 
(Errors (11 ) and (in.), if considered separ- 
ately, may be classed as cumulative.) 

( 6 ) Fractional parts of the chain bemg incorrect, if the total 
length of the cham has been adjusted by the insertion 
or removal of a few connecting rings 

(c) Incorrect plumbing during stepping operations, particu- 

larly if some cruder method is adopted in lieu of the 
proper plumb-bob method 

(d) Incorrect determination of inaccessible distances owing 

to the errors introduced mto the angles on account of 

(l.) The fractional parts of the cham being incorrect, 
or 

(u) Discrepancy between tape and chain measure- 
ments when these are used together. 

Accuracy of Linear Measurements. 1 — As mentioned above, the final 
error in a linear measurement, exclusive of actual “ mis takes ” which 
follow no known law, is composed of two portions : 

(a) Cumulative errors which are proportional to L, 
and ( 6 ) Compensating errors which are proportional to 
where L is the length of the line 

It is therefore not strictly accurate to apply the theory of least 
squares directly to the results of a series of observations — as t .bi s 
theory assumes that the errors are as hkely to be + ve or - '■**, and 
it is consequently only applicable to compensating errors. 

1 See Appendix II 
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Captain ,T. E E Crastcr, R E , 3 m nn investigation of tlic errors 
which occur m oidninry chaining, obtained the following results from 
the measurements of 40 diflercnt suncyors. 

Tabi.c I 


^(1 Of 1 ItlM 
clnlncil 

I^nstli of Wne 
lie In ecu the limit* 

Mein 

•Mein 1 rror from 
Trigonometrical 
Determination 


Chain* 

Clinln* 

Unis 

27 

70 80 

75 3 

10 21 

32 

80*10 

S 5 1 

05 

23 

110 100 

013 

10 8 

31 

100 110 

105 1 

11 53 

21 

110 120 

111 7 

13 S 

30 

120 130 

121 1 

13 G 


Assuming the partial error which is cumulate c ns d lmliS per 
chain, and that which is compensating as/ links per chain, the total 
cumulative error in a length of it chains will be d links, and the 
compensating error m the same distance will b af.+/n links 

The resultant error rr, of winch these partial errors are the com- 
ponents, will then be 

® -»/*«, • ” 5 ) 

and this is the equation of nn hyperbola . 

Substituting the values m column 4 for x, and those m column .3 
for n, and weighting the equations according to the number of lines m 
column 1, Captain Crastcr determined 

<Z=- ±0 1080G7 links per chain, 
and /= ± 0 375374 links per chain 

These results show the mean error, as determined by experiment, 
for lines between 70 and 130 chains in length, but they should not, of 
course, be applied to bnes beyond these limits without verification 
Formula (15) thus shows the error which may be ejected, on 
the average, upon lines over rough ground and between /0 and 130 

d ’ 1 Xny of 1 the" individual errors, however, mil exceed this amount 
and it is desirable in practice to state some limit of error the exceeding 
of which will entail the rejection of the measurement as unsatisfactory. 

the Ordnance Survey the value given to 
thia^e* 1 the greatest allowable deviation of the measured length from 
the length as determined trigonometrically (mle Chapter Mil ), 


JL iiuvv j 

The former value, ic 1 in 1000, is generally adopted for ordinary 
1 Engineering, July 7, 1911 
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cliain survey plans It follows, then, that as the maximum error is 
limited to 1 in 1000, the probable error in any single measurement is 
much less than this amount. 

It should be observed that this form of expression for the per- 
missible error assumes the error to be proportional to the length of 
the line, which is not strictly true, as some of the errors are com- 
pensating 

According to this assumption, the mean errors obtained in the six 
sets of observations in Table I were 1 m 737, 1 in 900, 1 in 873, 
1 m 911, 1 in 830, and 1 m 912 respectively, while the mean error of 
the total set of observations was about 1 m 867. 

With a steel band, or long steel tape, greater accuracy can be 
obtained, and the limiting error might be, say, 

1 m 2000 for ordinary steel-band measurements, 
or 1 m 5000 if the horizontally is judged by the eye, a constant pull 
exerted, and rough corrections for temperature applied after the 
tape has been accurately standardised at a definite temperature. 

For very good pacing the limit of error would be perhaps 1 in 100 

mentaST^Sy! “ TMy PreCi8e Wl “ e measnremante ■ 

Areas. The efiect of errors in the linear measurements unon 
S e |Xm a ° 7 °* a Cal0Blated aIea ma y be { °™a by differentiation 

two ( s!d«. ^ ^ ° f * rectan « le w bere 8 = area and a and b are the 
Then 


By diffcrcntiatioi 


or 


S = o.6. . 

■ • • (16) 

• produced m S due to 
6 

a small error S a in 

SSj = 6 . So. 


SS! So 


ST* * * 

• • (17) 

SS, 86 


S 6* * * 

■ • (18) 


Similarly 
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respectively. “ ^ the ei. 
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SS 
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If 8 a and 86 arc proportional to a and 6 respectively, then 

— and ~ are constants, and the fractional error -£■ is unaltered by any 
a b o 

variation m the ratio of a to 8 

For example, if the p e in the linear dimensions is ± 1 in 2000, % c. 

8 gT ^ 

if _ = = then the pe in the area is 

a b 2000’ 1 

S \l \2000 ) V2000 / 2000 

If, however, 8a and 86 are proportional to J a and »Jb respectively, 

as is usually assumed, then ^ which is a minimum 

when a -b, i c when the rectangle is a square 

.Similarly m the case of a triangle, the area of which is derived by 
Method 1 (p 27), i e 

* S = ^ 68, . . . (20) 

tllcn S s~ = -\/Wf^af ■ ■ ‘ (21> 

(u ) When the area of a triangle is found by Method 2 (p 27), t e 

S=5 6 c sin A. . . • (22) 

Let SS X , 8S,, and SS, be the errors produced in S by the small 
errors 86, 8c, and SA m 6, c, and A respectively. 


gg 

By differentiation -gi = ^86 c sm A, 


Similarly 


SS 1 _S6 

S 6‘ ’ * 

8S a _ Sc 

T c* * 

8S 3 = |i c cos A 8A, 
.-.§ = cot ASA, 


. (23) 
. (24) 


. (25) 


and this is a minimum when the angle A is 90°. , 

If a 86, ± Sc, a 8A are probable errors m 6, c, and A respectively, 

the p e SS in S is given by the formula 


L± V(f) % (!) !+(cotA8A)! • • (2f 


If 86 and Sc are proportional to >Jb and *fc, the fractional error 
SS jj e a minimum when 6 = c, and A = 90°, i e when the triangle 

is a right-angled isosceles triangle— or half a square 
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If 86 and 8c are proportional to b and c respectively, then 
—■ is independent of the ratio of b to c, but is a minimum when A 
is 90°. 

Example — If m the example on p. 27 the p e in the linear measurements 
was ilrn 1000, and in the angle A ± 30', te ± 00873 radians, the p.e. in the 
area of ABO 

= ±s V(im) +(ra) ! +(° Mx o'® 73 )’ 

= ±4225 ^00002417 

= ± 005 acre nearly. 

(in.) The case m which the three sides of a triangle are known is 
given in Example 6 at the end of the chapter. 

(iv ) When a chain is subject to a constant fractional error e, e.g. 
when the apparent length L of the chain is actually (1 + c)L, then 

the act ual area A (l + e) 2 L 2 , n , 
the apparent area A* L 2 + “ e near ^ » 

or A=(l + 2e)A 1 , 

Thus if the chain is a; per cent long (short), the true area is 2x per 

cent (approx.) greater (less) than the computed area. (See Example 
o, p. 44.) x 
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EXAMPLES 

tract fi 
. pomt 


1 (U of L) The following is an extract from a field book. *• 


256 00 

3 » "4 

00 575 

6’ T 

(541) 

(00) 

Lme 8 


357 



5 

(512) 


4S6 289 635 



2’ T* T 

(00) 



Lino 7. 

*1 

486 289 
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(635) 


575 
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(00) 



Lme 6 

A 

1 


* 
i * 


* 


.A* 


i *- 


> I 


» 


m 


it, 






X* * 


i 

J» tr > 


, *? <r u'Ls'! 


JMf i 

G» ,4V^ 


H 



V 

-if 


* 


( 

! 

! 


1 

S 


•f 


I 



Jo# 


1 C**' 


44 


SURVEYING 


517 00 

1 ’ 2 

(675) 

(357) 

(00) 

Line 5 

i 

1 

00 

1 

(810) 



486 

2 

(289) 



256 

3 

(00) 

Line 4. 



658 

2 

(256) 

(00) 

Line 3 

r 

_j 

517 

1 

(658) 

(4S6) 

(00) 




Line 2 




(517) 

(00) 




Line 1 




2 (U of B ) The following perpendicular offsets were taken at 50 ft intervals 

■om a chain line to an irregular boundary- „ „ _ _ _ , . . . 

10 6 15 4, 20 2, 21 3, 18 7, 16 4, 20 4, 2o 8, 30 6, 20 8, and 17 4 feet 
Calculate the area in square yards enclosed between the chain line, the 
regular boundary, and the first and last offsets 

3 The following figures give the values in links of offsets taken from the 
Iiafn hne of a surfey tothb hedge Calculate the area included between the 
liam hne and the hedge by the application of 

(1) Simpson’s Rule 

(2) The Trapezoidal Rule 

(3) The average ordinate rule „ 1Q 

*25 ’o 6 J so 6 ioS A "oo A a ™ 

4 (ICE) The following perpendicular offsets were taken at consecutive 
itcrvals of 20 ft from a straight W to a wapr boundary 

Rnd the area between the straight line’ and the boundary by Simpson’s Rule 

5 (ICE) Distinguish between “ compensating and cumulative err 

" °A Sfwas measured with a chain 0 3 of a link too long The area thus 
ound was 30 acres What is the true area ? 

6 Find what would be the probable proportional error m the area of a tnang e 
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determined from the length of its sides, if the p e ’s in these sides were + 5a, + 56, + 5c 
rrsucctivclv 

Apply your result to find the p e m area in the triangle ABC (Example 3, p. 29), 
if the p e. in chainage was ±1 in 1000. 

7 (U of L ) A surveyor finds that he can lay out the direction of an offset 
by eye on the field with a m aximum error of 5° from the true perpendicular. 
With what degree of accuracy must he measure the lengths of the offset in order 
that the error on the paper from this source may not exceed that from the angular 
error? 

Under these conditions, if the scale of the plan is to be 200 feet to 1 inch, 
about what must he the maximum length of offset m order that the displacement 
of a point on the paper, from the two sources of error combined, may not exceed 
0 01 inch ? 

8 Thesidesof a quadrilateral are AB= 423, BC= 6902, CD= 3 568,DA=4 65, 
and the diagonal AC= 6 156 chains Calculate 

(а) The area of the quadrilateral ABCD. 

(б) The angles at A and at C. 

(c) The length of the diagonal BD. 

Assuming the p.e. m the linear measurements to be ± 1 in 2000, find 

(d) The p e in the area. 

(e) The p e. m the angles at A and at C 

(/) The p e in the length of the diagonal BD. 

9 The plan of an old survey plotted to a scale of 41 66 ft to 1 inch was found 
to have shrunk so that a line originally 10 inches long was only 9 86 inches 
There was also a note stating that the chain used was 0 2 link too long 

If the area of the plan given by a plammeter was 34*76 sq. inches/what was 
approximately the correct area of the survey ? 
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Chapter IJ 

OPTICS AND MAGNETISM 
Optics 

When a ray of light travelling m a medium A meets the surface of 
mother medium B, a portion of the ray may penetrate into B, another 
portion may be absorbed, and the remainder is thrown back from 
the common surface into the first medium 

The portion which is thrown back is said to be reflected, and it 
is found experimentally that 

( 1 ) The angle of incidence is equal to the angle of reflection, 
md (n ) the incident and reflected rays and the normal to the 
reflecting surface at the pomt of contact all he m one 
plane 

Thus suppose CD (Fig 60) represents a plane mirror or other 

polished surface, and F any object, such 
as a ranging rod Rays of reflected light 
are thrown off from F in all directions, but 
only those which strike the mirror at 0, 
so that the angle of incidence FON is 
equal to the angle of reflection EON, are 
reflected to the eye at E. The image 
of F appears to be at Fj on the normal 
through F, and as much behind as F is m 
front of the mirror 

It will be seen later (p 70) that the 
nnciple of such instruments as the sextant and optical square depends 
pon the Laws of Reflection stated above 
The portion of the ray which penetrates into the second medium 
} is refracted, t e bent out of its original course, unless the angle of 
ncidence on the common surface is zero, or unless the two media have 

he same “ refractive index ” . , , . „ 

The Laws of Refraction for isotropic media [eg glass) are 

(l ) The incident and refracted rays he m a plane containing the 
normal to the common surface , . , f 

fu 1 For the same two media the ratio of the sme of the wye o 
incidence to that of the angle of refraction is a constant and 
is kn ow n as the “ Index of Refraction (/i) 

40 



Fig 00 — Reflection from a 
Plano Mirror 
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Air 
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Glass Jf 
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In passing obliquely from one medium mto another of greater 
density (e g from air mto water or glass) the ray is bent nearer the 
normal as m Fig. 51, while in the reverse case a ray passing mto a 
less dense medium is bent farther away from the normal 

When, in this reverse case, the angle between the normal m the 
rarer medium and the emerging ray reaches 90°, 
the value of the angle between the normal and the 
incident ray is known as the “ Critical Angle.” 

If the angle between the normal and incident 
ray is greater than the critical angle, the ray 
does not emerge from the denser medium, but is 
totally reflected at the surface — the angle of 
reflection bemg equal to the angle of mcidence. 

This fact is taken advantage of by the em- 
ployment of a right-angled isosceles prism as a 
reflector m the case of such instruments as a 
prismatic compass, or a hne ranger or prism 
binoculars Thus in Fig 52, if ABC is the pnsm, 
and a ray from F meets the face AB at right 
angles,^ it continues in a straight hne without 51. — Refraction, 

refraction until it meets the hypotenuse, making 
an angle of 45° with the normal, when, instead of passmg from the 
denser medium, glass, mto the less dense, air, it is totally reflected, and 
passes at right angles out of the prism through 
the face BC to E. The advantage of such a 
reflector is that the reflecting surface does not 
become tarnished or covered with dust as would 
that of a plane mirror. 

The value of the critical angle from water to 

ilo 1 ? 48 2 '°> and from glass to air is about 
41 to 42 . 

A simple lens is usually made of a single piece 
of glass having its two surfaces of approximately 

M « portion of a sXe T^itr'^ * so “ etanes 
depend upon the nrmciXs in J mte ra< fr u s. Its properties 
considered. * ^ refraction, and a few cases are here 

Types of simple lenses are shown in Fig. 53. 

(a) « Double Convex 
(&) =riano Convex 
(c) =Concavo Convex] 



If 

Fio 52 — Prismatic 
Reflection. 


(d) = Double Concave 
Converging (e) = Plano Concave 

(/) =Convexo Concave 


Diverging. 


« </> » - 

s are thicker in 

are thinner at the middle 


an at the converging lenses are thicker in the middle 


than at the w -TAT ? nver S m g 

than at the edge? h ° | 

axis of revolution is^temed^thfnS 7 * S i° lid - of ^ evol «tion, and its 
termed the principal axis of the lens. When 
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the two surfaces are spherical, this axis joins the two centres of 
curvature 

Principal or Solar Pocus — A ray of bght passing through a lens is 
refracted according to the Laws of Refraction 

Those rays which enter an ideal converging lens in a direction 
parallel to the principal axis are refracted to pass through one point 
on the principal axis, known as the Principal Focus (F, Fig 54) In 
the case of a diverging lens, similar rays, after passing through, diverge 


a bed e f g 

Fia. 53 — Lenses 

in such a manner that if their directions are produced backwards they 
meet in a pomt Fi (Fig 55), which is the principal focus for this type 

° f ^Itwill be noted that the rays actually pass through the principal 
focus in the case of a converging lens, but only appear to do so m the 
case of a diverging lens, the former is thus called a real locus, 

while the latter is a “ virtual ” focus , 

Points corresponding with F and Fj are found on the opposite sides 
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Fig 54 — Converging Lens 


Fig 55 .— Diverging Lens 


of the lens for rays travelling in the opposite direction ^distance 
from the lens to the principal foons is knom as the focal tength, 
principal focal length, or solar focal length, and its magnitude P 
S^n the refractive mdex of the glass and the radn of curvature of 

exactly the same manner that a ray entering a lens 1° 
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the second case, as the rays do not actually pass through A ls a virtual 
image is said to be formed The two points A and Aj are said to be 
conjugate foci Let AE (Fig 57) be a portion of a distant object such 
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as a ranging rod or levelling staff then all the rays from A which 
pass through the lens should converge to a point A x on the opposite 
side of the lens 

The position of Aj may be found by considering the path of two 
particular rays (1) The ray from A which passes through the optical 
centre C of the lens may be assumed to continue in the same straight 
line AC without deflection, so that A x hes upon AC produced (2) 
The ray from A parallel to the prmcipal axis is refracted through the 
principal focus F, so that Aj also hes on A Z F produced, and the inter- 
section of AC and A 2 F fixes the position of A 2 as in Fig 57 

Similarly the position of the image Bj of any other point B may be 
found The image m this case is real and inverted, but if the object 

is nearer to the lens 
. . than the principal 

; *‘*'*\^ — .... focal length, re if 

; . A A AB hes between Fj 

j and C, the image will 

[ F be virtual, erect, and 

j 1 * magnified (Fig 59), 

| n V an d can be seen by 

S the eye placed on the 

1 opposite side of the 

! '* lens 

Bt The point A x is 
Fxo 59 found by producing 

FA 2 and CA back- 
wards to intersect at A x — the rays not actually passing through A x , 
Bj is found in a similar manner 

The image is also virtual in the case of a divergent lens 
From Fig 57 it is evident that the greater the distance of AB from 
the lens C the flatter becomes the line ACAj, and the nearer to F is the 
point A, on the line AgF, until, when AB is a very great distance away, 
its image is formed at F. The image of a point in the sun, for instance, 
is formed as nearly as possible at F— all the rays being practically 
parallel, so that F is sometimes known as the ‘ Solar Focus 
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nil A" S i°P S5 be u j ed “ a Photographic camera to ehmmate the 
outside rays and so render the image more sharply defined, the time 

J n . e p X ? o 0S , Ure necessar 7 to photograph the image upon a sensitised 

as bef^e ^ h ° WeVer ’ m tks case > as tbe 1D3a g e » not so bnght 



Rg G1 — Chromatic Aberration. 


Chromatic Aberration.—' White light is made up of coloured ravs- 
red, orange, yellow, green, blue, indigo, and violet— and of these the 

violet is refracted most and the red 
least, so that when white light passes 
through a simple lens these coloured 
rays will each have a different focus, 
as in Fig 61, the violet being the 
nearer the lens This is a defect m 
a lens, as, instead of one definite 
image being formed of an object, a 
number of images are formed, those 
nearer the lens having a preponder- 
ance of violet with a red edging, while those more remote have a 
preponderance of red with the violet on the outside 

'j 0 < ?° rrec ^ dispersion a compound lens is used as m Fig 53, g, 
the double convex portion being made of crown glass and the meniscus 
of flint glass As these two materials possess different properties of 
refraction, etc , the dispersion of the former can be largely neutralised 
by the latter without at the same time altogether neutralising that 
deviation of the rays which of course is essential for the formation 
of an image The blue and orange rays are brought to the same focus 
in practice, and the combination of the two glasses is known as an 
achromatic lens ” 


Astigmatism (Fig. 62) is a defect which causes oblique pencils of 
kght to focus on two straight lines a small distance apart, and at 
right angles to each other, 
instead of at one point 
The nearest approach to a tight 
point focus is between these from 
two focal lines where a Lens 
“ circle of least confusion ” 
is formed Often the van- Fro 62 — Astigmatism 

ous circles of least con- 
fusion do not he m one plane, but on a surface which is concave 
towards the lens This is an important defect — particularly for 
photographic work — as the whole field cannot be simultaneously 
focussed on to a flat plate 

The Telescope — The telescope used for surveying instruments con- 
sists of a metal tube containing an object-glass at one extremity and 
an eye-piece at the other The object-glass, as in Fig 57, produces 
a real inverted image in the tube, which the eye-piece magnifies as m 
Fig 59 The eye-piece, instead of being a simple lens, is more usually 
a combination, the two chief types bemg 

(1) The Ramsden eye-piece, which is composed of two plano- 










* 



? w 





- * 




* 




OPTICS 53 

convex lenses as in Fig. 63, a. The distance between them is two- 
thirds of the focal length of either. 

(2) The Huygenian eye-piece, which is composed of two plano- 










convex lenses as m Fig 63, b. The distance between them is two- 
thirds of the focal length (F) of the larger, and twice the focal 
length (/) of the smaller. 

The former is the more generally employed, as it gives a flat field 
of view, and though the chromatic aberration is slightly more, its 
spherical aberration is less than that of the Huygenian. _ It is known 
as a positive eye-piece, for the inverted image which is formed by 
the object-glass appears 
still inverted to the ob- 
server. 

The diaphragm is a 
brass or gun-metal ring 
fitting mside the telescope 
tube, and attached to it 
by means of either two or 
four capstan-headed screws 
which are capable of ad- 
justment. 

The ring carries the Fig 64 — Typos of Diaphragms 

“cross-hairs,” which may 

be arranged m several ways, as shown in Fig. 64, and may be 
formed 

(1) By fine lines scratched upon glass ; 

(2) By fine spiders’ webs stretched across the frame; or 

(3) By fine metal points, generally of platinum-iridium. 

An objection to the first of these methods is that the glass is apt 
to become dimmed through condensed moisture, and it also cuts out a 
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certain proportion of light, but it is not so fragile as are the spiders’ 
webs The metal points are preferred by many, as they are not 
very easily broken or displaced, and can be seen very distinctly , but 
graduations on a staff cannot be read as quickly with these, as more 
lateral adjustment than is necessary with a plam hair-line is required 
to get coincidence with the end of the metal pomt An accident 
which would break the webs might bend one or more of the metal 
pomts, and so cause incorrect results to be obtained , and the dis- 
crepancy might pass unobserved until some time later when a regular 
adjustment was tried 

The diaphragm is placed m such a position that the cross-hairs may 
be made to comcide with the image formed at d by the object-glass 
(Fig 63, a), and the distance of this (/ 2 ) from C is a variable, depending 
upon the distance (f x ) of the object AB from 0, as explained above 

The distance from the real inverted image to the eye-piece depends 
upon the eyesight of the person observing, and m order that the 
magnified vertical image shall be clearly seen, the distance of this 
from the eye should be the same as would be necessary to obtam the 
best view of an object by direct vision without the aid of a magnifying 
glass (cf Fig 59) It is necessary, therefore, that the distances of the 
diaphragm, both from the object-glass and from the eye-piece, shall 
be adjustable 

Generally the object-glass is fixed mto one end of the telescope 
tube proper, while into the other end slides a close-fitting tube, worked 
by means of a rack and pinion from a large milled-headed screw on 
the outside of the telescope To the sliding tube the diaphragm is 
attached by capstan-headed screws, and the eye-piece, which slides 
mto the end of it, can be adjusted outwards or inwards with the 


fingers through a small distance 

Sometimes the object-glass is attached to a sliding [inner tube 
worked by a rack and pinion, while the diaphragm is fixed to the 

mam telescope tube , , 

In focussmg the telescope on to an object, the eye-piece is adjusted 
with the fingers until the cross-webs are seen quite distinctly, ana 
they then require little attention during the remamder of the day 
The image of the object is then brought clearly mto view by means o 
the large milled-headed screw on the side of the telescope, and should 
be accurately brought to the same focus as the hair-lines en 
this position the cross-hairs should appear stationary, t e should^ 
move relatively to the image when the eye is moved upwards or - 
wards so as to look through a difierent part of the eye-piece lens Ihe 
distance from the object-glass to the diaphragm when focussed l to a 
distant object gives the focal length of the object-glass , and thi 
which defines the “ size” of the telescope, eg 10 ,12 , U , etc 

Thp imaginary line joining the intersection of the webs of t 
phrS tTSe optiSl centre of the object-glass and the continuation 
h ffa known as the “ Lme of Colhmation of the telescope 
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Magnetism 

The word “ magnet ” dates from very early times, bemg originally 
applied to pieces of lodestone or “ magnetic iron ore ” (FegO^, found 
in Magnesia in Asia Minor, and m other districts. 

It was discovered that this substance was endowed with the power 
of attracting pieces of iron and steel, and also that it possessed the 
peculiar property that, when freely suspended, it adopted a definite 
position m a direction approximately north and south. Natural 
magnets are comparatively rare, however, but certain substances 
which are capable of being magnetised — particularly iron and steel — 
may be converted mto artificial magnets 

The end of the magnet which is directed towards the north is 
known as the north pole, or north-seeking pole, of the magnet; 
similarly the opposite end is termed the south or south-seeking pole. 

Observation shows that there is a repulsive force exerted between 
the “ like ” poles, and an attractive force between the “ unlike ” 
poles of two magnets, so that the north pole of one magnet repels the 
north pole and attracts the south pole of another, the intensity of the 
force varying inversely as the square of the distance between the 
poles concerned. 

The earth may be considered as a huge natural magnet having 
its poles situated near the north and south geographical poles re- 
spectively ; consequently the polarity of the north magnetic pole is of 
the opposite sign to that of the north-seeking end of an ordinary 
magnet, and corresponds with that of the south-seeking end 

The Compass — There are two general types of compass, (1) the 
circular box compass and (2) the trough compass. 



Fig 65 —Trough Compass 

Sometimes the circular box type is fitted with a graduated disc 
below the level of the magnetic “ needle ” — e g. m the ordinary small 
pocket compass — and sometimes with a flat circular ring scale on the 
same level and as nearly as possible m contact with, without touching 
the ends of the needle — e g m a miner’s dial 

The trough compass (Fig 65), which is m the shape of a long narrow 
rectangular box or trough, has at each end of the box a small flat 
curved scale, level with the needle and graduated to about 5° only on 
each side of the centre line. 

The magnet is m the form of a thin steel “ needle,” supported at 
the centre of its length on a hardened steel pivot, which fits into a 
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kxKoI consist mg of nn ngnlo or other hard stone cup mounted m 
brni’S I’ rom this ju\ot the magnet should be raised when tlie instru- 
ment is not m use, otherwise undue wear results m the development 
of n considerable amount of friction, winch is undesirable 

The needle is of rectangular cross-section and has the longer 
dimension sometimes vertical and sometimes horizontal 

The former or edge-bar type is particularly smtal le when the scale 
is level with the extremity of the needle, as there is then no difficulty 
m estimating the reading, smee the sharp vertical edge of the magnet 
mav be almost m contact with the scale (Fur? 6*5 and 66, c) 

The flat needle is more frequently used for the disc type of scale 
and it is then lozenge-shaped in plan (Fig 66, a) In this case the 
point of (he needle cannot be brought into such close contact with the 

gradual ions, ns the magnet must be sufficiently 
raided above the card to enable it to swing 
freely even when the instrument is not held 
exactly level, ic when the plane of the 
instrument is not exactly parallel to the 
longitudinal axis of the needle There is 
consequently considerable liability to error 
due to parallax and nn incorrect reading may 
be obtained unless the eye is vertically above 
the needle If a plane mirror is fixed below 
the needle, parallax mav be avoided by mov- 
ing the eye into such a position that the 
reflection of the needle is exactly covered by 
the needle itself , this ensures that the eye is 
correctly placed Though frequently adopted 
for scientific apparatus, tins simple device is 
not commonl} found m surveying instruments 
The edge-bar needle is used occasionally for disc scales in lieu of the 
lozenge-shaped flat type , 

For the raised scales too a flat needle is sometimes employed, but 
then it is generally rectangular m plan, and the reading observed 
against an engraved marl: ns in Fig 66, b 



Firr 66a shows a section through an improved tubular magnetic 
compass, readable to within 5 minutes of arc or less, and made by 
Messrs. Cooke, Troughton and Simms 
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MAGNETISM 57 

Decimation— The horizontal direction adopted by the longitudinal 
axis of the needle at any position — provided there is no local attraction 
due to the near proximity of magnetic substances — is known as the 
magnetic meridian, and the angle this line makes with the true or 
geographical meridian of the place is known as the magnetic “ decima- 
tion” or magnetic “variation.” The distribution of the earth’s 
magnetism is by no means regular, consequently lines of equal magnetic 
declination — known as Isogonic lines— do not form complete great 
circles as do the geographical meridians, but radiating from the north 
and south magnetic regions they follow irregular paths, which are 
shown on such charts as those prepared by the Admiralty for the use 
of manners and others 

There are four lines of zero declination — or Agonic lines — i e. the 
loci of points at which the magnetic meridian coincides with the 
geographical meridian. One runs from the north magnetic pole 
through Central Russia, bends eastwards through the Indian Ocean, 
and then proceeds through Western Australia to the south ; another 
runs from the north magnetic pole through Canada and the east of 
the United States, and through Brazil to the south ; another forms a 
large oval on the east coast of China, while the fourth is a comparatively 
small circuit in the southern Pacific Ocean 

The Isogonic lines over Great Britain run roughly m a north-easterly 
direction 

Below are given a few approximate values of the magnetic decima- 
tion m 1918, that for Greenwich bemg within a very few mmutes of the 
mean value, and the remainder to the nearest degree. 


\ ~ 

Greenwich 

. 14°-25' W 

Melbourne 

. 8° E 


Dublin 

18° W. 

Calcutta 

. 1° E. 

. ' 

» 

Edinburgh 

17° W. 

Tokio . 

. 4° W. 


New York 

10° W. 

Petrograd 

. 2° E. 


San Francisco . 

18° E 

Cairo 

. 2° W. 

• < * 

Capetown . « 

26° W. 




Obviously there are places where the needle lies due east and west, 
but these will be near the poles. In Greenland, for instance, a magnetic 
decimation of 35° to 60° W. and upwards is found. At Sitka — the 
U S magnetic observatory in Alaska — the declination is about 80° E., 
while at Kerguelen Island it is about 36° W. 

Near masses of magnetic rock, such as basalt, the local variation 
of the needle may be very marked, and m such districts the compass 
becomes quite worthless as a surveying instrument 

It may also be noted here that the magnetic needle may be 
seriously deflected from its normal position when in the proximity of 
iron or steel rails, railings, lamp-posts, gas and water pipes, girders, 
etc, while iron buttons, steel-rimmed spectacles, keys, and other small 
articles about a surveyor’s person may appreciably deflect a sensitive 
needle. 

Inclination or Dip — If a sy mm etrical, evenly balanced piece of 
steel be magnetised and supported at its centre of gravity m such a 
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manner that it is free to rotate in a vertical plane in the magnetic 
meridian, it will be observed that at most positions on the earth’s 
surface the position of equilibrium of the magnetic needle so formed 
is not in a horizontal plane, but m a plane inclined at a definite angle 
to the horizontal This angle is known as the “ Dip ” or “ Inclination ” 
of the needle In the northern hemisphere the north end of the 
needle, and in the southern hemisphere the south end of the needle, 
is usually deflected downwards 

Lines, known as Isoclinic lines, may be drawn on a map to show 
the loci of places having the same value of dip These hues, which 
are more or less irregular, encircle the earth in a similar maimer to the 
geographical parallels of latitude 

The line along which there is no dip is m the vicinity of the Equator , 
it is known as the Magnetic Equator, and its representation on the 
chart as the Aclinic line 

In England the value of the angle of dip is about 67° (at Greenwich), 
while at the magnetic poles the needle would be vertical and the 
dip 90°. 

Though of importance for scientific purposes, the amount of the 
“dip” of the needle m various places is seldom measured by a 
Surveyor It affects him, however, in so much that a needle which is 
correctly balanced for one latitude is incorrectly 'balanced for other 
regions, and m consequence of this will no longer float in a horizontal 
plane, and the bearing on the central pivot is unsatisfactoiy To 
remedy this, and to counteract the vertical components of the magnetic 
forces which are tendmg to dip the needle, a small sliding sleeve-weight 
is fitted to the needle By moving this towards or away from the 
pivot, the balance may be adjusted to suit varying conditions 

In order to weight that end of the needle which tends to be raised 
resort is occasionally made to sealing-wax 

Changes in Magnetic Decimation — Neither the dip nor the decima- 
tion of the compass has a constant value at a particular place — both 
are subject to variations It is the changes m the latter, however, 
which are of most importance to a Surveyor, and these may be classed 
under four heads, viz 

(а) Secular variations 

(б) Annual variations. 

(c) Diurnal variations 

(d) Irregular variations 

(a) Secular Variations — The magnetic poles are continually altering 
their positions relatively to the geographical poles, and records o\ er 
a large number of years show' that, due to this cause, the mean decima- 
tion of a place alters m a more or less regular manner from year to 


For mstance, near Greenwich the earliest records show that m 
>80 the decimation was about 11°-15' E Since that date the 
‘chnation diminished until m 1657 it was ml, i e the magnetic and 
sographical meridians at Greenwich were coincident 
The decimation then became westerly, and gradually increased m 
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amount until in 1818 the maximum vanation of 24°-38' W. was 
reached 

Since 1818 the decimation has been gradually decreasing again 
until m 1918 the mean value was about 14°-25' W. 

The annual rate of change smce 1880 has varied between 4' and 11', 
the average for the last ten years being about 10' W. decimation 
decreasmg 

In a similar manner corresponding changes, though of different 
magnitudes, occur at places other than Greenwich upon the earth’s 
surface. 

It is obvious from the above account that the direction of the 
magnetic meridian as represented upon colliery and other plans should 
be corrected periodically ; otherwise, if data taken with reference to 
the present magnetic meridian are to be added to plans drawn some 
yearn previously, corrections must be applied to all the observations, 
or the data referred to the true meridian on each occasion. 

(6) Annual Variations cause a deviation of the needle of about 
15' on each side of the mean value during the year 

(c) Diurnal Variations.— The extent of the diurnal variation is 
affected by several factors, such as 

(1) The locality — i e. it usually increases as the magnetic poles 

are approached and the Equator departed from. 

(2) The season of the year — being considerably more in summer 

than in winter ; for this reason, and as the rate of change 
is much more excessive during the day than during the 
night (see below), sunlight is supposed to have some 
influence upon the magnetic elements. 

(3) The amount of diurnal variation also changes from year 

to year. 


.ij i. ,. 3 :v j -»~*** 6 iuguu. xu i/ius uuuntry 

the decimation decreases slightly m the early morning until about 8 a.m 
uhen it attains its minimum value The needle then moves slowly 
backwards towards the west, passmg through its mean position about 
10 a.m. and reaching its most westerly deviation about 1 p.ar. It 
then more slowly oscillates back towards its mean position, which it 

mSn"Ji ev “n g ± Ut i *° 7 P - M ' The of vanation 

It S 12 summer and 7' m the winter, though 
it \aries with the phase of the sunspot period 

due to what are known as “magnetic 
storms, cause displacements of the needle through amounts varvina 
■£$£ ”P 01 2 ° ; f* •» considered to be 8 in s“y Kf 

are « ften coincident with such phenomena as the 

in* some wwy with ^ ^ 316 pr ° baHy ass0c,ate<1 
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Chapter III 
INSTRUMENTS 

IThe vernier is a device winch enables measurements to be taken to a 
‘finer degree of accuracy than would be possible by direct estimation of 
'the divisions on the mam or primary scale of an instrument, and it is 
particularly useful when the further subdivision of this scale would 
give graduations too closely engraved to be easily distinguished It 
consists of a small scale winch moves with its graduated edge m con- 
junction with the graduated edge of the primary scale, and its principle 
xmay be understood from the following 

JUrect Vernier. — If it is required to read to -th part of a graduation 

n 

on the mam scale, the vernier scale is divided into n equal parts, and 
has a total length equal to (n - 1) primary divisions, so that 

n vernier divisions = n - 1 primary divisions, 

and 1 vernier division «* = (\ - primary divisions, 

n \ nj 

i e the difference between a vernier and a primary scale division is 

1th the latter 
n 

In the direct vernier both scales are graduated in the same direction, 

% e both from left to right or both vice versa, so that if the zero of the 
vernier coincides with the zero of the primary scale, then 

the 1st vernier division will lag -th of a primary division behind the 

1st primary graduation, 

the 2nd „ „ „ -ths of a primary division behind the 

n 

2nd primary graduation, 

and the nth „ „ „ L l ths of a primary division behind the 

7c 

nth primary graduation, 

i e. will coincide with the (n -l)th graduation 

Thus if the vernier is moved forward -th of a primary division, 

n 
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the 1st vernier graduation -will coincide with a primary graduation, 

and if it is moved forward 2ths of a primary division, the pth vernier 

n 

division will coincide with a primary graduation. 

If the vernier is in such a position that its zero lies between the 
with and (to +l)th division on the primary, and the pth vernier division 
coincides with some line on the main scale, the reading is 



primary divisions. 


It should be noted that it is quite immaterial with which primary 
graduation the pth vernier division happens to coincide , the only 
graduation on the primary to be noted is that last passed by the zero 
of the vernier (i e. the with), and the only vermer division to be noted 
(the pth) is that which coincides with some one — no matter which — 
primary division. 

In Eig. 67 the reading on the primary is 29°-30' (or 29i°) + 13' 
(i.e ^ of 4°) on the ver- 
mer, giving a complete 
reading of 29°-43'. 

Retrograde Vernier. — 

On this type of ver- Fig. 67 — Direct Vernier, reading 29°-43'. 

nier n vernier divisions 

are equal to (w + 1) primary divisions, so that 1 vernier division 
~ (~~) = (l + primary division ; and the difference is Lh of a 
primary division as before 

The scales, however, are graduated in opposite directions, one from 
left to right and the other from Tight to left as in Fig. 68, so that if 

the two zeros comcide, the 1st vernier graduation will lag ^th of a 

primary division behind a primary graduation, the 2nd will be -ths 

behind another graduation, and so on. When the vernier zero is 

moved forward -th of a primary division, as in the direct type, the 

1st graduation of the vernier will be brought into coincidence with 

a primary division; and when moved forward 2th of a primary 

division, the pth graduation will be found to coincide with a primary 
division. 

The. advantage of a retrograde vernier is that the graduations^ 
are not quite as fine as those of a direct vernier , but the latter is } 
generally employed as it is perhaps rather more simple to read]; 
^ o- 68 the reading given by the primary scale is 3 2 inches, 
while, as coincidence is obtained on the vermer at -01, this gives a 
total reading of 3*24 inches. 
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The. Double Vernier. — "When a simple vernier — either direct or 
retrograde — is used, readings can only be taken in one direction on 
the scale, unless for each reading the fraction of a primary division, 
as indicated by the vermer for forward motion, is subtracted from 
unity for motion in the reverse direction. 

For example, in the case of an instrument the primary scale of 

which is divided into 
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Fig 6S — Retrograde Vernier, reading 3 24 inches 


half degrees, subdivided 
by means of the vermer 
to half minutes, if the 
bearing of a line is 229°- 
43V from left to right 
the vermer will read 13V, while the primary scale will read 229°-30' 
for clockwise motion, giving a bearmg of 229°-43V. For counter- 
clockwise motion — if the observation is made from right to left — 
the primary scale would read 130°. The vernier reading would be 
13V as before, and this must be subtracted from 30' — (the value of 
a primary division) giving 16 V to be added to the 130° — as the bearmg 
from right to left is 130°-16V. 

This calculation may be avoided by placing two simple verniers 
end to end, for min g one scale, with the zero in the centre, and using one 
of these for clockwise motion and the other for counter-clockwise 
The combmation, which is double the length of an ordinary vernier, 
is known as a double vernier The graduations of most theodolites 
are figured in a clockwise direction only, and fitted with single direct 
verniers. 

A modification of a double vermer, sometimes found on a dial or 
circumferenter, is shown in Fig 69 where the vernier is at the zero 
position, and in Fig 70 

where the reading is «_ 

70°-24' to the right or 
289°-36' to the left 
It will be noticed that 
the length of the scale 
is the same as that for 
an ordinary direct ver- 
mer, and as 10 vermer 
divisions = 9^ primary 
divisions on each side 
of the zero, or 20 
vermer divisions = 19 
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Fig 69 —Double Vermer, reading to 3'. 
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jtig 70 — Double Vermer, reading 70°-24' or 2S9 -36 


primary divisions, the difference is of a primary dmsion, there- 
fore as each primary division represents 1°, the vermer divisions each 
represent 3 minutes, t e jVth of a degree 

For motion to the ^ the vermer is read from 0 to 30 at the 

ngj 1 * extremity, and then from 30 at the extremity to the GO 
left ° 

(t.e. zero) in the centre 
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The Micrometer Microscope. — The micrometer microscope is a 
device which enables a measurement to be taken to a still finer degree 
of accuracy than that obtainable with a vernier, and many theodolites, 
tacheometers, ommmeters, etc , are now fitted with this appliance. 

The micrometer tube consists of an object-glass, an eye-piece, and 
a diaphragm which is capable of delicately controlled movement at 
right angles to the longitudinal axis of the tube. Let/j be the distance 
of the object-glass from the graduated limb, f 2 the distance of the 
object-glass from the image which is formed inside the tube, and/ 
the solar focal length of the object-glass lens 

Then, as explamed on p. 51, Chapter II., if / x has a value between 
/ and 2/,/ 2 is greater than f ± and a magnified image is obtained, the 

magnification being expressed by the ratio or 

J 1 J2 + J 

The diaphragm consists of an adjustable slide carrying two hair- 
lines spaced a very small distance apart The motion of the slide is 
controlled by a finely threaded screw which is rotated with the fingers 
by a milled head on the outside of the tube. Adjacent to the mill ed 
head and formed out of the same piece of metal is a disc or drum of 
larger diameter, having its outer edge accurately graduated so that 
any portion of a revolution of the screw may be estimated by noting 
the readmg indicated on this by a fixed mark on the frame of the 
instrument 

On applying the eye to the eye-piece the graduations of the primary 
scale should be seen quite distinctly, and by correctly focussmg the 
eye-piece any possible error due to parallax is eliminated, as explained 
on p 54, by bringing the hair-lines into the same plane as the image, 
and thus preventmg any relative movement of the hair-lines and the 
image as the eye is moved to look through different parts of the eye- 
piece lens. 

On the central diameter of the field of view is seen a fixed hair- 
line, or a small V notch, while the two fine hair-lines of the diaphragm 
are seen parallel to the graduations of the primary scale 

To test the adjustment of the micrometer, the two hair-lines are 
moved by the rotation of the milled head until they are so situated that, 
as nearly as can be judged, one of the primary graduations accurately 
bisects the narrow intervening space. 

The readmg of the graduated disc (which should be zero when 
adjustment is made to the fixed hair-line or notch) is then noted, and 
the screw rotated until some other primary graduation bisects the 
interval, when the readmg on the drum should be the same as before, 
the screw ^ having made one or more complete revolutions. This 
operation is Imown as “ taking a run,” and several trials should be 
made to obtain a mean result 

If it is found that one revolution — or some other whole number 
of revolutions— of the drum does not move the hair-lines through the 
exact distance represented by a primary graduation, the micrometer 
is m need of adjustment. 

But as the distance moved by the hair-lines m one revolution is 
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determined by the pitch of the screw, and therefore cannot be altered, 
the adjustment must be made by altering the size of the image of the 
primary graduations as seen through the eye-piece, and this can be 
done by moving the microscope bodily towards or away from the 
graduated mam limb of the instrument 

In other words, the magnitude of f x is altered, and this entails a 
corresponding alteration m f 2 and in the size of the image, as obviously 
the actual size of the object, u of a primary graduation, is a fixed 
quantity. 

Thus, if the image graduations are too large,/! is increased , and if 
too small f x is decreased This is a permanent adjustment and is 

effected by unclampmg thetwo capstan-headed 
[j|j|j luidif] screws or other arrangements which attach 

> f the microscope to the mam instrument frame 

Hit. ■ '? 773M The alteration m f x and consequently in / 2 

J j ]Ji y iJ i J i necessitates a fresh adjustment for parallax, 
‘ 0 ~ which is easily effected by focussing the eye- 

@ piece 

To read a Micrometer Microscope. — To 
adjust to zero, as a preliminary to the 
El epiece measurement of an angle with a micrometer 
theodolite, the zero of the primary scale is 

0 0 brought exactly under the fixed web of the 

~ — diaphragm, or to the centre of the V notch, 

the adjustment bemg completed with some 
_____ form of clamp and tangent screw arrange- 

ment After the angle has been measured 
/ — with the theodohte as explained later, the 

I ~ — final reading is ascertained by firstly noting 

I I! - — the value of the mam primary division which 
V ^ is nearest to the V notch in the centre of t e 

\ — field of view The movable hair-lines are 

Nvs 'J then adjusted until the narrow space which 

Fig 71 —Micrometer, is intercepted between them_ is bisec e y 

Mtog ^ 0 ,s- r ^” d ZVchcatef the 

^If the graduation is beyond the notch, the nucrometer readmg is 
deducted hom the first direct readmg , if the graduation fa 

the notch, the reading is added complete 

If one primary division corresponds with more th £ 

revolution of the screw, as in some forms of nucrometer microscop 
a Sed scale or comb is provided m theiaphj, 
the intercept ~fc = ark -d f e n = t p ^ ^ 

Se"So“d S1 nth one revolution of the —ter 
screw) plus the drum-head readmg 






Fig 71 — Micrometer, 
reading 56°-46 , -S*’ 
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Fig 72 — Simple Clinometer 


In the example in Fig 71 the primary scale is gradated to degrees, 
subdivided mto 10-minute intervals. Each revolution of the drum- 
head corresponds to one 10-nnnute division, and the edge of the 
drum is divided into ten parts each representmg 1 minute 

These divisions are further subdivided mto twelve parts — each 
5 seconds — while by estimation, or by 
means of a vermer, still further sub- 
division to 1 second is possible. 

The reading here is 56°-40' + 6'-8" 
on the micrometer drum, making a 
total of 56°-46'-8". 

The clinometer, of which instrument 
there are numerous patterns upon the 
market, is a simple device for measur- 
ing vertical angles, and is particularly 
useful for determining the slope of the 
ground when chaining, so that the 
slope measurement may be reduced 
to its horizontal equivalent without 
resort being made to “ stepping.” 

A crude form may be constructed by suspending a plumb-hne m 
front of an ordinary semicircular or rectangular protractor (Fig 72). 
A vane is fixed on a rod or staff at the height of the observer’s eye, and 

this is held vertically at the of the bank, the inclination of 

Bottoin 

which is required. The observer then stands at the u ^ of the 

bank and sights along the top edge of the protractor to the vane, thus 

making the line of sight parallel to the surface 
of the ground The mtercept between the 
90° graduation and the plumb-hne gives the 
required angle of inclination as m Fig 72. 

A handy form of mirror clinometer by 
Steward is shown m Fig. 73 The eye is 
apphed to a small hole m the edge of the 
circular box, and the staff vane or other 
object is sighted through the rectangular 
aperture in the opposite edge This aperture 
is clearly seen m the figure Thus the line of 
sight is again parallel to the ground, but the 
graduated scale being weighted, swings freely 
to its normal position, and its reflection m a 
small mirror can be seen from the eye aper- 
Fig 73 —Mirror Clinometer, ture At the same time a small indicator 

bar attached to the outer case is also 
reflected in the mirror, and it is this reflection which is made to 
intersect the vane The intersection of tins reflection with that of the 
scale gives the readmg required — the scale graduations for angles of 
elevation bemg coloured red, and those for angles of depression, black. 
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Era. 74 — Hand Level 


By means of the slide shown above the square aperture in the figure 
the swinging scale can he thrown off its bearings when the instrument 
is not in use. 

The hand level, one form of which, by Stanley, is shown m Fig. 74, 
is a very compact little instrument It is preferably held against a 

ranging or other rod to 
steady it, and at a de- 
finite height above the 
ground. It is sometimes 
used, m conjunction with 
a levelling staff, to ascer- 
tain the levels of points 
on short cross-sections, to afford data either for the calcula- 
tion of quantities, for the location of contour lines, or for other 
purposes 

It consists of a small metal tube of rectangular cross-section to winch 
a spirit-level is attached The bubble is reflected through an aperture 
in the top of the tube on to a mirror, which is inside the tube near its 
centre and inclined at 46° to the axis 4 

If the mirror occupies the horizontal half of the cross-section its 
horizontal edge, together with the pin-hole of the eyepiece, defines the 
line of colhmation of the instrument , and the reflection of the bubble 
must appear to intersect this at the time an observation is being made 
If the mirror occupies a vertical half of the cross-section, the 
horizontal line which the bubble must appear to intersect, and which 
defines the line of colhmation, is marked either by a horizontal 
we or thread, or by the edge of a diaphragm which half closes the 

end of the tube remote from the eye-piece „ 

The Abney level (Fig 75) consists of a telescopic tube and reflecting 

level The telescope is 

sighted on to a vane as m 5T w > 

the case of a clinometer, 
and the bubble (the re- 
flection of which can be 
seen m the mirror while 
an observation is being 
made, as with the hand 
level described above) is 
brought to the centre of 
its run and intersected by 

£ Sns° £ o£°“ok « 

“^“bubble tube is therefore adjusted to the horizontal position 

inclination may accordingly be read from the s^ie by r {}jo 

w “* - rarc ' 5 ' b ° 

attained in the observations. 
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The instrument is exceedingly handy for cross-sectioning purposes, 
and for determining — as with a clinometer — the slope of the ground 
during ordinary chaining operations 

The adjustment of the instrument may be tested by sighting to 
any well-defined distant object and observing the angle of elevation 
or depression recorded by the vermer. The instrument is then 
inverted and the same obj’ect agam intersected, the bubble being 
brought to the centre of its run as for the first observation. Evidently 
the angle of elevation or depression will now be indicated on the 
opposite side of the zero of the scale Thus suppose the true angle is 
8° elevation, and the instrument has an mdex error of a°, so that the 
first reading 9 1 = 6 - a, while the second reading 0 2 = 8 + a. 

The mean of these two values is ~ a ) ^ t e> 

2i 


the correct value, and 8 1 - 8= a is the amount of the mdex error. 

' The correct inclination of a piece of ground may be determined 
with a faulty instrument, or its mdex error ascertained by the following 
alternative method, which is also apphcable to the clinometer and 
other similar instruments 

At the top of the slope is fixed a vertical rod, and attached to it 
is a horizontal vane at a height h above the ground At the foot of 
the slope the instrument is held at the same height h above the ground 
and steadied agamst another vertical rod. 

The angle of elevation is read as 8 V 

The instrument is next held at the top of the slope and the angle 
of depression 8 2 observed m the same way to the vane on a staff held 
at the foot of the slope 

So that, as before, if there is an mdex error a, the true value of the 
inclination 8 = 8 X - a or d 2 + a, % e. 


0 — + @ 2 , 
2 


the mean of the two observed values, 


while a=8 1 -8 or - 1 ^ 2 . 

The prismatic compass (Figs 76 and 77, by J. H. Steward) consists 
of a shallow cylindrical metal box of inches to 6 inches diameter, in 
the centre of which, on an agate bearing, is balanced a circular disc, 
graduated to smgle degrees, to 30' or even to 20', and attached to a 
magnetic needle. To prevent undue wear, the disc can be raised off its 
bearing when not m use, and a small knob is also provided for damping 
the oscillations and quickly bringing the needle to rest. At one edge 
of the box, and carrying a hair-hne sight, is a hinged frame that may 
be folded down over the dial when not required, while diametrically 
opposite to this is a prism, which may also fold c ver on the outside edge 
of the box. The graduations of the scale on the dial are reflected from 
the hypotenusal side of this prism to the eye, and are slightly magnified 
owing to the shorter sides of the pnsm being made a little convex 
(Fig. 52, Chapter II ). 

In some forms of instrument, by means of a spring situated near 


* 


V 

%/ 





I 

* u 

* 


V 


m 


i • 


j * i I 


\ty * " 



- -V 


W *s:v _ 

♦<&*, ii 

* ^/^W^4rr-' 

-<" / ipT' 

Ai$? 4% 


*» M y> ** o 

v'if '>, 


v; # . J 
“ at . *> ** 

-4' v I 

x $9rv*$ i { 

„* * « j 

V* r ;• v' f -> 

<5/./ i 




’■*«*• * ZSB&&9 “ 4 

*V* - > 

^KTLj* 5 ** 


Bh^vu'*’ A 

- *<>? 


i * 1 

r 1 ^-^*'**' 

.J^ 


t,' 

i>‘ 

*•;’» * > « 
1 , 


* ' i. 


Fig 7G — Prismatic Compass 
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the hinge of the hair-lme frame, the needle is automatically raised 

from its pivot whenever the frame is 
d folded over the dial. 

1 W~a The top of the box may be covered 
1 fljrjy with a glass lid, so that the whole dial is 
lIMfl# visible, as in Fig 76, or a metal cover 
llURP niay P rovl ^ e ^ over except the 

I lil small portion under the prism 

LUil Another type is of watch form 

Sometimes dark glasses are provided 
li for use when sighting to a luminous 

object, and sometimes also a mirror— 
which can be adjusted to any angle m 
Tn "PTBi r a vertical plane — is fitted to slide on 

^ rame w hich carries the hair-hne 

Fig 7G -Pnsmatic Compass This enables an object of consider- 

able elevation or depression to be 
sighted by reflection when it would otherwise be difficult to intersect, 
because, as the needle must be allowed to swing 
quite freely, the instrument cannot be tilted to any 

^ A tripod, also, is sometimes provided, but generally li 

the compass is simply held in the hand as nearly as pos- W 

Bible overthe station-pomt atwhicha bearing is required 
To determine the bearing of a line AB from the 
station A, the eye is applied to the slit m the prism- 
holder and the pnsm raised or lowered in its shde J|W£& Yj|| 
until the dial graduations which are reflected m the _ |S 

prism are clearly seen |§M - 

The hair-line is directed to the object B and the II pK ^ , |g 

bemg held as 
horizontally as 
possible over 
the station- 
point A. The 
object and the 

wm be seen ,1 
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J^o 77 . The " Vemer” Luminous Prismatic Compass 


1 * 

Bifrric 

|C3, vL- V '* M ” 

(’ffift-i- l "s '• r 

plt-L’u 'l'*' ‘ 

formic -7 • - 

ot/r 1 Li ,t rr“ >: - 


1 Itirr* . j c 
Lrt'trLr •> 
fr, -- . - 

•fc/l'Wi- 

- _ 

1/m V-{ Jtj-.j . j 

, . 

Wbi.v-.j 

(i) vA 1 1 — : 

£a{r~ »• i V 

fee-r’T 

b,btwJ 

Wnh r ~r“ 

F^iVtZ-V,' 

f'*-- 

*Jc tX : -t 


■ / ** 


J& * 



\ 


f'- 









.4' 



* 

a* 




t , 



INSTRUMENTS 


69 


the prism should be 360°, so that in consequence the 360° graduation 
is at the south end of the needle , similarly when A~R hes due east, the 
prism, which would be on the western side of the dial during the 
observation, should be over the 90° graduation of the disc, and the 
graduations are therefore as shown in Fig. 77. 

For rough traverses or preliminary work, and the fillin g m of detail 
on topographical surveys, the instrument is very useful, though not as 
accurate as a theodolite. 

In a traverse the bearing of each line is obtamed directly from the 
magnetic meridian, with the result that errors of bearmg do not 
accumulate. The presence of iron or other magnetic substances near 
a station-point may seriously affect a reading, but if the bearmg of 
each line be observed twice — once from either end — any error due to 
local attraction may be detected and its amount estimated (see 
Loose Needle Traverse, p. 116). 

For military purposes the prismatic compass has been much used — 
both for sketching and for night marching. The dial is treated either 
(1) with a luminous paint or (2) with a radium compound With 
the former and more usual type (1) it is necessary to expose the dial 
for some considerable time to bright sunlight or to the flash of bur nin g 
magnesium nbbon m order that the dial may be luminous at night- 
time ; but the radium compounds of the latter type preserve their 
luminosity for an indefinite period and do not need to be excited by a 
bright light m this way. The glass cover of a military compass (Fig 77) 
is capable of rotation, and has marked upon it a luminous direction 
bar or line During the daytime, to prepare for the night operations, 
the dial is allowed to swing freely, and the line of sight directed along 
the route of the march which it is proposed to follow, while the lumin- 
ous direction line on the glass is turned to he immediately over the 
north point of the needle. At mght then, if the instrument be so 
turned that the luminous bar lies over the north point, the sights 
will be aligned in the required direction, and a succession of short 
distances can thereby be set out to guide the march. 

. The^box^sextant (Fig. 78) is a very handy and compact little 
instrument which is used for 
the measurement of angles 
It consists of a cylindrical box 
of about 3 inches diameter, 
and — when not m use — is 
only mches deep. The lid 
maybeattachedto the bottom 
of the instrument when it 
serves as a handle, as shown 
in Fig. 78. The small tele- 
scope T is fixed in position 
by means of a screw on the 
top face of the box, and it 

can be easily removed. Generally the telescope is unnecessary and 
the eye is applied to a “ pm-hole ” m the movable slide which covers 



Fig 78. — Tho Bos Sextant 
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the opening through which the telescope is otherwise directed In 
the interior, opposite this aperture, is the “ horizon ” glass, the upper 
portion of which is sdvered and the lower portion plain 

The second mirror— known as the “ index ” glass — is attached to a 
toothed segment which gears with a pinion capable of bemg turned 
by means of a large milled-headed Bcrew D on the top of the instrument 
Attached to the same axis as this index glass, but on the outside of the 
box, is an arm carrying a vernier, which moves over a scale graduated 
on silver to about 140° and reading to smgle minutes. An adjustable 
microscope is attached to the top, and a pair of coloured glasses are 
provided m the interior for use when observations are being made to 
the sun or other bnglit object 

To use the instrument, it is held in the right hand, directly over the 
station-point A at which the angle is to be measured Under normal 
conditions the left-hand obj ect B is then sighted by direct vision through 
the lower or clear portion of the “ horizon ” glass, and the milled- 
headed screw D turned until at the same time the image of the nght- 
hand object G is viewed in the silvered upper portion of the glass 
When the two objects B and C apparently coincide, the reading indi- 
cated by the vernier on the top should give the value of the angle 
BAC 

It may be proved that the angle between the mirrors is half the 
angle between the obj ects, so that the scale on the top, though graduated 
to say 140°, is really an arc of only 70°. 

Let HR and IN (Fig 79) represent the horizon and index glasses 

respectively, and A the position 
of the eye 

The pole B is seen through the 
lower portion of HR, AB bemg 
the line of sight, while the image 
of C, after reflection from the 
index glass at D, is seen at F m 
the same hne AB 

Let CD be produced to meet 
BF at an angle y at A , and let 
RH meet NI produced at an 
angle 8 at E 

The complement a of the 
* 1 


toB 



Fia 79 — Piinciplo of Sextant 


angle of incidence of the ray CD on the muror IN is equal to the 
complement a, of the angle of reflection ; and the complement/* 
the angle of mcidence on the mirror RH is equal to the comple 

^ Als^the^nglVlFH 1 ^) is equal to the vertically opposite angle 
BFR (J3 2 ) , and similarly the angle ADE (a 2 ) = a,ie 

a = a, = a 2 . . • * . 

and ® 

But the extenor angle (fi) of the tnangle EDF is equal to t e su 

of the interior and opposite angles, % e 

p = o +aj, 
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or from (1) multiplying by 2 

2jS = 2S+2a (3) 

Also the exterior angle BED of the triangle ADF is equal to the sum 
of the interior and opposite angles, i.e. 

($2 P) ~ ( a i + a 2) + y> 
or from (1) and (2) 2j8 = 2a + y. 

Therefore from (3) and (4) 28 + 2a = 2a + y, 
or 28 = y'j 

or S-Z- ■ 

% e. the angle between the mirrors (8) is half the angle between the 
rays (y) 

It noil be seen m Fig. 79 that it has been assumed that the point of 
mterseotion, A of CD and BF, is the position of the eye, and that it 
comcides with the station-pomt at which the angle subtended by BC 
is required The eye may, however, be at any point along FA and would 
not necessarily he at the intersection of BF and CD. 

Generally, also, the station-pomt would be at some position A 3 , 
immediately below the instrument itself, so that an error is introduced 
due to the observation of the angle BAC instead of the angle BA X C. 

The difference between the observed angle BAC and the correct 
value of the angle BA X C is the sum or difference of the two angles 
ABA X (6) and ACA X (0 X ), according to the side of AB on which A x falls , 
and it is just as likely that it shall fall upon one side as the other. 

But the displacement (r) of A x from the line of direct sight AB is 
likely to be small compared with that (r x ) from the reflected ray CA, 
as A hes altogether outside of the instrument m the latter direction. 

Hence as 0 =r[BA x and 0 X =r 1 /CA 1 approximately, it is evident that 
the value of the error (0 X ± 6) is chiefly dependent upon 0 X , and for 
this to be small, CA X should be large upon the distance CA X . So that 
when an angle is to be measured between two objects, one of which is 
near and the other more distant, it is advantageous to sight to the 
former directly, and to view the latter by reflection ; and to do this 
the instrument should be inverted if necessary. 

With an instrument of 3 inches diameter, taking the displace- 
ment of A x perpendicular to CA as 1 mch say, the value of 9 is 

mins , when CA X is 200 ft , and 14| mms when CA X is 20 ft. 

When jbhe angle_B AC is greater than the range of the scale, or even 
when .approaching its limit of 140°, the method of measurement 
adopted is to subdivide, the angle mto two portions, by means of any 
arbitrary ^intermediate station, marked by a _ ranging rod or a well- 
defined permanent feature m the distance, eg. a spue. 

' The" value of each partial angle is observed in the usual manner 
and the results added. 

When the two stations B and C are at considerably different 
altitudes, the horizontal projection of the angle BAC cannot be easily 
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72 SURVEYING 

determined with tliis mstrument, as, if the box is tilted, the angle on 
an oblique plane is obtained 

The value of this inclined angle may be measured and reduced to 
the horizontal if desired, but for all ordinary surveying purposes the 
instrument is held in a strictly horizontal position and the horizontal 
angles determined directly 

The adjustments of the instrument ^are two un number 

(1) Thle horizon" glass should be at nght angles to the plane of 

the ins trument, as is the index glass, which is permanently 
fixed so by the makers 

(2) The vernier should read zero when the image of a distant 

object, in the upper portion of the horizon glass, comrades 
with the same object as seen by direct vision m the lower 
portion, the two mirrors then being parallel 
To test these adjustments, the vernier is set to the zero of the scale 
and a distant object sighted 

If the adjustments are both correct, the portion of the image seen 
m the upper silvered portion of the glass should form an exact continua- 
tion of that portion of the object seen by direct vision m the lower 
portion of the glass, % e the object and its reflection should comrade 
exactly, so that if the sun is sighted, for instance, one perfect orb 
should be obtamed, part by reflection and part by direct sight 

Any vertical displacement is due to the horizon glass not being 
perpendicular to the plane of the mstrument, and this is remedied by 
means of the key which is provided for the purpose, and which, when 
not in use, screws on to the top of the box The key u i applied to the 
two square-headed screws which are situated near the end of the 
graduated scale on the top of the mstrument and attached to the 

earner of the horizon glass . , ,, , ,, , n ^„ nn 

Any honzontal displacement is due to the fact that the honzon 
glass is not parallel to the mdex glass (m plan), and this mav be remedied 
by applying the key to a specially provided square-headed screw in 
the side of the box, and by this means rotating the honzon glass in 

ItB Eta^ISead of correcting tbs adjustment, flu _mte error 

is ascertained by noting the positron of i 2“ ^*d. 
the lateral displacement is eliminated by the rotation of the mm 

hea Hi spm ibeing observed an error m the first adjnstmmt rrodd 
1 B produce on efiect as shown in »g w 

A I CaJ LA-1 WMe an error in the seconded- 
rssn tmj justment would cause a displacemen 
(a) <» M such as that m Fig 80 (c) 

Ero 80. Care must be taken when testing 

these adjustments that a near o j 
is not sighted, for if coincidence is then obtamed the mirrors 

81. ““8 «“ m ’ tato “ ” Bg 79 ' rf ** ^ 
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and object appear to coincide at F, BDFA represents the path of the 
reflected ray, and BFA that of the direct ray 

Let BFA make an angle j 8 2 with HR and of <f> with NI, and let the 
angle ABD be y. 

Then a = a 1 and (3 — = /?» as m Fig 79, 


the external angle 
and the external angle 
so that from (6) and (7) 


a = (f> +y. 

(£2 + P ) +a u 
2fi = 2a - y. 


1 *• »* 1 

i; 


The condition for the mirrors to be parallel is that a x shall be equal 
to f3 (1 e the alternate angles made by FD crossmg HR and IN 
(Euclid, 1. 29)), and this is only satisfied when B is sufficiently distant 
for y to be negkgible. 

By comparison with Fig 79 and equation ( 0 ) it will be seen that, if 
produced, FR and IN would meet, 
but in the opposite direction to *§ 

the case there shown, and the v 

included angle 8 = ^. 

The reading on the scale there- 
fore should be-y, in order that 
correct values should be obtamed 
for observations to more distant 
objects, 1 e if the scale is now ad- 
justed to zero, the values of angles 
taken m general field work will be 
too great by an amount y 

If AB is very small, eg 20 ft and Fiq 81 . 

the distance of D from the direc- 
tion of AB is, say, 1 inch, the value of y will be about 14 mins. ; if AB is 
100 ft , y will be 3 mins , and if 1000 ft , y will be 18 secs 

There are several other, important sources of, error, among which 
may b kmentioned: 

QJ That due to the centre of rotation of the vernier arm, not 
coinciding exactly with that of the index mirror (compare 
p. 104); 

or (n ) Not coinciding with the centre about which the graduated 
scale arc is described 

( m ) Imperfections m the graduations themselves (compare p. 104). 
(iv ) Want of rigidity, etc , m parts of the instrument. 

The nautical sextant, which is similar in principle to the box 
sextant, is shown as made by J. H Steward m Fig 82. The silver arc 
is of large radius and the vernier, which is provided with a clamp and 
tangent screw, may read to 10 seconds The horizon glass is opposite 
the telescope, and the index glass rotates with the arm to which the 
vernier is attached. The horizon glass is provided with special adjust- 
ing screws, and the adjustments are similar to those of the box 
sextant. 
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74 SURVEYING 

There is frequently an extra adjustment to ensure that the axis 
of the telescope is parallel to the plane of the instrument. 

To test this, the eye-piece is focussed clearly, and rotated m its 
socketuntil the two hair-lines are parallel to the plane of the instrument, 
so that when measuring a horizontal angle the hair-hnes are horizontal 

The angle between two distant objects not less than about 90° 
apart is observed in the usual manner by obtaining coincidence 
between one of the objects and the image of the other. If this coin- 
cidence is obtained upon the lower (say) of the hair-lines, then on 
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Fjo 82 —Nautical Sextant. 


slightly tilting the plane of the instrument to bring the objects on to 
thl second hair-line they should stall «g“ “Served value of 

thean&\r$SS 

^ToltriThSglass has been "Z+gfJTSS** 
S it the reflection of the graduated mam arc 
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If now on moving the index arm to and fro the silver arc and its 
reflection appear to form one continuous curve, the adjustment is 
correct If not, and the error is considerable, the instrument should 
be returned to the makers for adjustment. 

A method of determining the mdex error by observations upon the 
sun is sometimes adopted The angle subtended by the diameter of 
the sun is measured several times upon the ordinary graduated arc 
of the instrument, and the mean result — say a — adopted. The angle 
is then measured an equal number of times upon the “ arc of excess,” 
which is a small graduated length of arc below the zero, and in the 
direct continuation of the ordinary scale Let the result m this case 
be a/. 

The angle subtended by the diameter of the sun will be equal to 
(a L +_cq) ^ an( j a mean va j ue i f or this is about 32'-2" 36. 

The index error is equal to ; this must be subtracted 

from the sextant readings if a is greater than a v and added if a is less 
than oj. {Vide Example 3, p. 78.) 

Artificial Horizon — The altitude of a celestial body is determined 
at sea by measuring the vertical angle upwards from the visible hori- 
zon, and after- 
wards applying 
a correction for 
dip, the magni- 
tude of which 
depends upon the 
height of the ob- 
server above sea- 
level 

On land this 
method is obvi- 
ously impossible, 
so that an “ arti- 
ficial horizon ” is 
sometimes em- 
ployed. It con- 
sists essentially of a trough containing mercury, and is sometimes 
protected by a roof of two glass plates inclined at 45°. The surface 
of the liquid thus automatically adjusts itself so as always to form 
a horizontal mirror. Eig. 83 gives a section through Steward’s 

Shadbolt ” type, which dispenses with a separate mercury reservoir. 

The angle observed is that between the object S and its reflection 
s i m the mercury, and it is double the required angle of altitude. 

Thus let AB (Fig. 84) be the surface of the liquid ; S the star or 
other object whose altitude is required ; its reflection ; and E the 
position of the eye. 



1 Vide Nautical Almanac 
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76 SURVEYING 

The observed angle is SESj, while the true altitude is the angle 
SEAj or the angle SS X A — these angles being practically equal on 

account of the great distance away of S. 

^ But the complement of the angle of 

incidence, tc £ SS 1 A = the complement of 
'v *\E the angle of reflection, % e. /L BS X E, and 

A, \ ? Z-BSjlE = Z-SjEAj, because AB and EAj 

/ are both horizontal 

*\/* Therefore Z SSiA = Z. S^Aj =1 Z SES I} 

A S, B te tbe required altitude of the angle SSjA, 

Bo si. — Artificial Horizon. * half the observed angle SES X . 

The various corrections to be ap- 
plied m the case of astronomical observations will be considered 
later. 

The circtunferenter or dial, of which two types by Davis & Son 
are shown in Figs. 85 and 86, con- 
sists of a large compass box usually 
of about 6 inches diameter It 
contains a long magnetic needle 
balanced upon a pivot m the centre, 
and from which it may be raised 
when not m use by means of a 
small lever 

Below the needle is a fixed 
circular disc, divided into quad- 
rants, and graduated in tens of 
degrees in both directions from 
the north and south respectively 
On the same level as the ex- 
tremities of the needle and inside 
the box is another scale, divided 
into single degrees continuously 
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clockwise 




direction , to subdivide this, a 
vernier is attached to the inside 
edge of the box _ Sometimes 
the vernier is used in conjunc- 
tion with a scale upon the out- 
side of the box as in Fig 86 
This is very convement when the Ejg s5 _ Lsan > s Miners’ Dial, fitted 
head-room IS limited _ With Hoffman Patent Joint wit 

The tnpod head is fitted with four screws 
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and telescope (if any), and the outer part of the bos carrying the 
vernier, can be rotated relatively to the inner part of the instrument, 
which is attached to the central axis, and carries the needle and 
scales. 

By means of a clamp — corresponding with the upper parallel 
plate clamp of a theodolite — this relative motion can be prevented 
when necessary, and the vermer and scale fixed relatively to each 
other. 

To enable the vernier to be adjusted quicldy to 360°, even when it 
may be difficult or impossible to see the scales, a small plug 
is provided to fit into a corresponding hole m the bottom of 

On the frame of the instrument or inside the dial are 1|\1 
two spirit-levels at right angles to each other, and at the 
extremities of the arms are hair-line sights, which may be \|l 
folded down when not in use. These are shown m Figs. 85 
and 86, and usually in each is (1) yyw 

a narrow vertical slit; (2) a 
wider opening down the centre v£\ 
of which is a vertical hair-line ; vj\ 

(3) a small circular aperture ; and m\ ~ 

(4) a larger circular aperture I 

provided with a horizontal and a M 

vertical cross-hair. Those open- 

ings without hair-lines m the one 

sight are placed opposite the " 1 

openings with hair-lines m the 

other sight, as shown m Fig 85, ,gfpl||§|s&. 

and the eye is applied to the |ig|§jgjjy®^ 

former for sighting purposes — the 
long aperture bemg used for ^/vjrr 

movements in azimuth and the jgjit-jjr f f \ 

smaller for vertical angles (dip, v’-'Ot 

etc.) Yia. 86 — Hedley Dial, with Ball and 

In Fig. 85 vertical angles are Socket Joint, 

indicated on the arc about which 

the telescope moves, a clamp, tangent screw, and vermer being 
provided. 

In Fig 86 a circular attachment is fixed on the side of the dial 
to indicate vertical angles, while m other forms these angles are. shown 
by a pointer which travels over a graduated horizontal arc mside the 
compass box. # . , 

Sometimes a s emi circular attachment is used m place oi tne 
circular box shown in Fig. 86, and sometimes the rotating frame is 
made to indicate vertical angles upon a narrow folding gra ua e 
arc which may be erected over the dial when required. _ „ w 

It will be noticed that on the disc below the needle the in. . . 
symbols are arranged as in Fig 87. „ . , , . , mrin ,i fn 

Thus if the frame carrying the vernier and sights is cla p 




Fig. S6 — Hedley Dial, with Ball and 
Socket Joint. 
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78 SURVEYING 

tho inner portion of the instrument carrying the scales, etc, then if 
the line of sight is directed towards the magnetic 
V*a! i r north, when the ?cro of the \ernier and scale arc 
<y coincident, the N. end of the needles will he over 
the N graduation of the disc. When the line 
/yrly^A of sight, is turned through an angle a towards 
{(f / yw the we 1 1, say (he needle of course remains fixed 

IHe — -v — WtJ m direction, hut the disc is earned with the 
/] J J sights through the angle a m ft counter-clockwise 

direction. 

It is thus evident from Rig 87 that if the value 
1 m 87 of this tingle is to he shown below the needle , it is 
neeessan that the K mid W symbols slinll bo 
reversed from their usual positions on ft mnp 


KXAMPLrs 

1 (I V 1' ) Show how to tonslnirt the following xcrnicrs . 

( 1 ) To rend to 10' on a limb do nli d to 10 minutes ; 

(2) To read to 20' on n limb dmded to l r > minutes . 

/;{} The nrc of n soxtnnl is diuded to 10 minutes If 110 of theso dm 
pious are tnkoi for the length of the vernier, into how man) 
divisions must the vernier bo dmded in order lo read to («) *> 
mends, (b) 10 seconds T 

2 The angle ABC ns measured with n sextant is found to he W®-37'. JVhot 

is tho horizontal value to the nearest minute of this angle, if the horizontal pro- 
,o( (ion of All is lf»0 ft and thnt of BC 2fl0 ft 7 Tim instrument at B is 10 ft 
above tho point sight! d at A mid o ft below that sighted at 0 AT > 

What would he the displacement of C from its true position relative to A» 
if tlm measured angle ABC were plotted instead of iLs horizontal projection i 

3 (I C 1] ) The following angular measurements of tho sun’s diameter have 
been made “ on ” and “ oft ” tho arc with a nautical sextant 

On the Arc 0(1 the Arc 

35'-30* 20'- 5’ 

3. r /-20’ 20'-If>' 

33'-2 ST 2D'-10 

What is (a) the angle subtended by tho sun’s dinmeter , (l>) the index error 

^Stntc whether tins error must ho added to or subtracted from readings in 
order to obtain true angles 

4 (U of 13 ) The nnglo BAC was measured m tho ordinary mn" 1 ner wath a 

° f Whafrosult would have been obtained had a sextant been employed instead 
of a theodolite ? 
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Chapter IV 


THE THEODOLITE 

The theodolite, of which there are three main types — the “ Transit/' 
the “ Y,” and the “ Everest ” — is the most accurate instrument used 
by Surveyors for the 
measurement either of 
horizontal or of ver- 
tical angles 

The Transit Theo- 
dolite. — One type of 
transit theodolite as 
made by Stanley is 
shown in Fig 88, and 
another model made 
by Reynold is shown 
mFig 89 

The instruments of 
different makers and 
the different models 
of each maker vary 
in many of their de- 
tails, but the essential 
parts are the same m 
each. The telescope is 
fitted with an object- 
glass, eye -piece, and 
diaphragmas described 
m Chapter II , and is 
supported by means of 
an axis at right angles 
to its length, on two 
upright A frames. 

Rigidly attached to the 
same axis is a gradu- 
ated verticalcircle; and 
the telescope — carry- 

; 1 1 i • » • 



Era 88 — Stanley’s Micrometer Transit Theodolite. 


ing this with it — is capable of making a complete revolution in the 
vertical plane, the movement being known as “ transitting.” 
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80 SURVEYING 

The horizontal axis can also be lilted from its bearings and replaced 
end for end m the A’s, so that the vertical circle may be on the right 
(face right) or on the left of the telescope (face left) If the same 
object is sighted and the A’s are not moved, it is obvious that m one 
case the telescope is upside down. 

The T frame (Fig 91), which carries at the extremities of its 
horizontal limbs the two verniers for reading the vertical circle scale, 
is centred on the transverse horizontal axis of the telescope It is pre- 
vented from rotating with tho telescope and vertical circle by means 
of the two screws (II, Figs. 90 and 91) at the lower extremity of the 

vertical limb, which bear 
on a mb projecting from 
the lower cross-piece of the 
A support 

Fixed to the top of the 
T frame as m Fig 88, or 
to the telescope itself as m 
Fig. 89, is a long sensitive 
bubble tube 

The A frames stand 
upon a circular flat plate 
whose edge is fitted with 
two verniers 180° apart, or 
with three verniers 120° 
apart Tins vernier plate 
is rigidly attached to the 
central axis Z of the in- 
strument (Fig 90) 

The verniers, which may 
read to say 20 seconds on a 
6-inch or to 1 minute on a 
4-inch or 5-mch instrument, 
are provided with small 
adjustable microscopes to 
facilitate accurate reading 
Sometimes micrometer 
microscopes are provided 
as m Fig 88 (see p 63, 



Fio 89 — Rejnold’s Vernier Transit Theodolite 


Chapter III ), when a 6-mch instrument may read to 5 seconds, an 

a 5-mch instrument to 10 seconds. , , 

Beneath the vernier plate is the scale plate S, the edge of w 
graduated on silver and protected by a sheath from the upper p > 
except where the verniers ore m contact with the scale 1 
diameter of this plate which defines the size of the theodo i , ^ 

4-mch, 6-mch, 8-inch, etc The scale plate is fPPff, 
hollow axis which fits accurately around the central axis, 
upon the boss of the upper parallel base plate L (Fig 90) d 
F The lower parallel plate (N) may be screwed or otherwise n_, 
to the tripod head, and m the older forms of instrument is sh p 
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THE THEODOLITE 81 

as to form a ball and socket joint with the lower ends of the two axes 
above mentioned. 

In the newer models, such as Eigs. 88 and 89, the two plates are 
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Fig. 90 — Diagram of Transit Theodolite. 


connected only through the three lev ellin g screws, each of which has 
a ball and socket joint at its foot. 

The lower plate has a central aperture through which a plumb-bob 
may be suspended from a hook on the bottom of the central axis 
The upper parallel plate is supported by means of three or four 
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- 


“ levelling ” screws, and rests on tlie lower parallel plate, relative to 
winch, any horizontal movement of rotation is prevented m a four- 
screw instrument, by a stop which fits round the foot of one of the 
screws, and in a three-screw instrument by the three ball and socket 
joints above mentioned 

The tangent screw P (Eig 90) connects the boss which is shown 
suspended from the band K to a boss (not shown) fixed on the plate 
L K is thus fixed relatively to L, unless the distance between the 
bosses is altered by screwing or unscrewing P. 

When the band K is loosened, the support T may rotate inside it 
relatively to L, but if the key K is tightened the band grips the sup- 
port T (not L), so that there can then be no movement of T and S 
relatively to L except through the tangent screw P 

The “ clamp and tangent screw ” arrangement connecting the scale 

and vernier plates at J is similar 
Thus • 

(l ) The vermer plate, carrying 
the A frames, telescope, 
etc , may rotate alone about 
the inner axis Z, the scale 
plate (S) being clamped to 
L and held stationary mean- 
while, or 

(li) The vermer and scale plates, 
being clamped together, 
may rotate simultane- 
ously about the axes T and 

Z 1 , 

The ins trument is fitted with a 
compass sometimes of the circular 
box type, when it is placed be- 
tween the feet of the A frames, 
and sometimes of the trough type 
attached to the underside of the 
scale plate as m Fig 88 

To enable the instrument to be quickly levelled two bubbe 
are feed at right angles to each other upon the upper surface of the 

VeT For underground or night-work one arm of the 

Bometanes nSde hollow, to allow of the lUimmaton of the » 

r°74m webs, from a small lamp earned on a bracket attachea 

or Y theodolite as made by ^°"| hton * STfte 
shown in Fig 92 It differs from the Transit chiefly u “a 
the telescope cannot be tamed through a complete circle u> 

vertical plane, i e cannot be transited 

x other Clamp and tangent screw arrangements are shown m Figs 83, 89, 02, 93 
See Surveying Instruments (Stanley) 
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THE THEODOLITE 83 

Tlie “ vertical arc ” is semicircular, and carries a platform to which 
the telescope is attached by means of clips fitting over two Y supports. 
The telescope can be lifted from its bearings and replaced end for end 
(see Adjustments). 

The Everest theodolite, named after its inventor, is shown as 
made by Troughton & Simms m Fig. 93. As in the Y instrument the 
telescope cannot be transitted, but can be lifted from its supports 
and reversed end for end, while the vertical circle of the Transit is here 
replaced by two graduated arcs of about 90° each The horizontal 
arc of the 6-inch instrument 
shown in Fig. 93 can be read by 
the micrometers directly to 5 
seconds, or by estimation to 
0 5 seconds The vertical arc 
is subdivided to 20 seconds by 
means of the two verniers. 

The supports of the Everest 
and of the Y instruments are 
as a rule considerably lower 
than the A’s of a Transit ; and 
these types are consequently 
rather more compact. 

The Transit is, however, 
much the more generally useful 
instrument 

Setting up — Before measur- 
ing an angle or rangmg a line 
with a theodolite, the instru- 
ment must be set up accurately 
over the station-pomt and the 
vertical axis placed m a truly 
vertical position A plumb- 
bob is suspended from a point 
at the head of the tripod, im- 
mediately below the centre of 
the instrument, or from the 
lower extremity of the axis Fig 92 — Plain or "5T Theodolite 
itself under the upper parallel 

plate, and the instrument is moved until the plumb-bob hangs exactly 
over the station-pomt as marked probably by the head of a nail driven 
mto a wooden peg. 

To do this by moving the tripod legs, and at the same time to keep 
the parallel plates approximately horizontal, often requires some 
patience, especially on slopmg or awkward ground Consequently 
several arrangements have been devised to facilitate the task 

Fig. 94 shows a form of shifting base made by Messrs Troughton 
& Simms The “ base ” consists of three plates A, B, and D. A is 
capable of motion relative to B by rotation about the pivot b, and 
can be clamped to it at c. Similarly B and A together can move 
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84 SURVEYING 

relatively to D by rotation about tbe pivot a, and can be clamped to 
D by a screw corresponding to c. The theodolite attached to the collar 



Fra 83 — Evorcet Theodolite with Micrometer. 
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Fio 94 — Centering Arrangement. 

at d is thus capable of about 3 inches adjustment in any horizontal 
direction 
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THE THEODOLITE 85 

The next operation is to level the instrument so that the vertical 
axis shall be truly vertical. Most of the modem instruments are 
fitted with three levelling screws, though four screws are still preferred 
by some Surveyors ThnJJLtribrachwSarrang ements, h owe_v_er~causes 
less, strain upon. ,the„axis..and Js^quicker to -operate. 

The head of the instrument is turned about either of its axes until 
one of the bubble tubes (e) on the vernier plate lies with its longitudinal 
axis parallel to one pair of screws (b and c say) , the other bubble (/) 
will then he over the third screw (a) or be parallel to the line joining a 
to the mid-point of be as in Fig 95. 

In the case of a four-screw base each of the two levels (e and f) would 
be parallel to the line joining a pair of opposite screws (z.e. be and ad) 
as m Fig 96. 

The two screws b and c are rotated in opposite directions m order 
to tilt the upper plate m one direction or the other and bring the 
bubble e to the centre of its run 

Similarly the bubble/ is brought to the centre of its run by rotatmg 
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the smgle screw a in the tribrach or the two screws a and d in the four- 
screw arrangement. 

If the levels are in correct adjustment and at right angles to the 
vertical axis, each bubble will now remam m the centre of its run 
during a whole revolution of the instrument about this axis, the vertical 
axis will be truly vertical, and the instrument ready for use. 

Permanent Adjustments 1 

The permanent adjustments for a theodolite are : 

(1) Adjustment of the parallel plate bubble tubes 

(2) Adjustment of the horizontal or transverse axis of theSW«? 

telescope. 

(3) Adjustment of the line of collimation laterally. 

(4) Adjustment of the line of collimation vertically 

(5) Adjustment of the bubble tube on the telescope or T frame. 

(6) Determination of the index error of the vertical circle 

(1) Adjustment of the Parallel Plate Levels — These levels should 
both he in a plane at right angles to the central axis of the instru- 
ment, and hence when this axis is truly vertical each bubble should 

1 See also Appendix I 


- t V- • 

i f*-»y** J 

l - 


Jr ' 

K if 

V * i l 


■S P' t 


y > i * 


H - 



4* 4 

. '■ i 


9 


,A% 

W * 


,P 


iV ** ‘ A 

!>*- A 

* -y. \&* 

Vs A 


3'/« r 


, ' H-i ? "V 

•a *> ly’iVr j\' ... _ 

» f Cl « ! Vr •'T*^ 
v * -* *4'J V 

a\$ v 

' ’ -V"' s i.^ 


''V 



, a ; 

* C3S5VA£ -* 

V-fe'V •■ 

- , , A ■* 

<V V 

' 

f If. A * 1 


ft , ,i 

>,:N 


86 


SURVEYING 




f 

t 


' 0] 

i 

4 ! ' : 


t t« 
• ♦ < 


* s > 

V A* 




* \« 

/ <» ^ 

/ 1 
1 * ! 

p; )i 

ll A IS , 

M \ 


be m the centre of its run and remain there dunng a complete 
revolution. 

If the bubble e is brought to the centre of its run, as already ex- 
plained, while over the screws 6, c (Fig 95), and if the longitudinal axis 
of the bubble makes an angle towards b, say of (90-a)°, with the 
plane conta inin g the central axis of the instrument and the centre of 
the bubble tube, then this central axis evidently will not be vertical 
(unless a = 0), but wall be inclined at a 0 to the vertical (Fig 97, a) 

On rota ting the instrument through 180° m azimuth, the axis of 
course remains in the same position as before, but the bubble tube is 
now inclined to it at an angle of (90-a)° on the opposite side, i e 
towards c, or (90-2a)° to the vertical, that is, the axis of the bubble 
is no longer horizontal, but is inclined at 2a° to the horizontal as 
shown m Fig 97, 6. 

This til ting of the tube naturally causes the bubble to move away 
from the centre of its run towards 6, through 2» (say) of the graduations 
marked on the glass 

If the parallel plate screws b and c are now manipulated so as to 
reduce the deviation of the bubble to n divisions, the inclination of the 

bubble axis will be reduced to a to the horizontal, and at the same time 

the central axis ot 
the instrument will 
be tilted through the 
angle a into the vertical 
position 

To adjust thebuhble 
e, it should now be 
brought back through 
the remaining n divi- 
sions to the centre of 

,ts run by means ol the two capstan-headed asm ^ 
the tube to the upper surface of the vernier plate-the end n 
hftinff lowered and that nearer c raised riictnrbed 

1)6 Then S case the instrument may have 

during this process, the operation should^ SPfcomSte revolution 
bv trial that the bubble remains undeflected for a comp 
* The bubble /is adjusted m a similar manner ^ ad . 

It should here be noticed that, without actually g b 
lustonentof the bubbles the vertjeabty , ° ^ “terun 

£re“d u, reversing end for end. and halvuig 

the total deviation of the bubble, e g * divisions, by the para 
screws 6 and u, the Ueshouldthen^ w.4 

a revolution, though * toward! j. 

^r g 5." &&SZ2& with^be telescope, as this . 
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THE THEODOLITE 87 

much more sensitive. The procedure is as follows : the vertical are 
bemg clamped at zero, the instrument is rotated until the bubble is 
parallel to the screws b and c (say), when it is brought to the centre of 
its run, the screws b and c being used for this purpose. 

The instrument is then turned through 180° in azimuth so that the 
bubble tube agam lies parallel to be If the deviation of the bubble 
from the centre is now 2 n divisions, n divisions are taken up by means 
of the screws HH' (Fig 90) , or, if vertical angles are not to be measured 
and the bubble tube is attached to the telescope, by the vertical circle 
tangent screw Gr. The remaining displacement of n divisions is 
corrected by the screws 6 and c 

The bubble is then turned through 90° in azimuth until it is over 
the remaining parallel plate screw or screws, and (if there is any devia- 
tion) by these only brought to the centre of its run 

The bubble should now “ traverse,” i e remain m the centre of its 
run for a complete revolution in azimuth. If not, this procedure 
must be repeated until the result is satisfactory The vertical axis 
will then be truly vertical, and the smaller bubbles on the vernier 
plate can, if required, be brought to their central positions and per- 
manently adjusted by the capstan-headed screws already mentioned. 

(2) Adjustment of the horizontal transverse axis of the telescope, 
which should be exactly at right angles to the vertical axis 

(a) The first method of testmg this adjustment is by means of a 
striding bubble, u a sensitive tube carried on two legs, each of which 
is notched at the foot m order to fit the axis trunnions 

As a preliminary, the truth of this apphance should be tested thus : 
Set up the theodohte with its vertical axis truly vertical, uncover 
the supports at the ends of the horizontal axis, and place the level 
astride the telescope so that the notches fit and rest on the trunnions ; 
bring the bubble to the centre of its run by means of the parallel plate ' 
screws, and then reverse end for end without disturbing the instrument 
The bubble should still remain m the central position * if not, half 
the deviation may be adjusted exactly as m the first adjustment, by 
means of the parallel plate screws, and the remamder by the capstan- 
headed screw provided on one of the legs of the striding bubble for this 
purpose On account of the sensitiveness of the bubble this operation 
may be tedious and require several trials, so that instead it may 
be advisable merely to note the number of divisions deviation, and to 
allow for this when using the apphance 

For mstance, if on reversal the bubble deflects through 2 n divisions 
towards one of its extremities (a* say), the horizontal transverse axis 
of the theodohte will be truly horizontal when the deviation of the 
bubble is reduced to n divisions towards a'. Consequently the bubble 
may be adjusted to this position ( ten divisions eccentricity), instead 
of to the central position, and the actual correction of the striding 
bubble fitting need not be attempted. 

To proceed to test the adjustment of the theodohte axis the 
striding bubble is set astride the telescope as before and brought to 
its ascertained normal position by means of the parallel plate screws. 
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the point p x — which would be the point obtained were the supports c 
equal heights — will lie midway between p 2 and p s 

To correct any inequality in the heights, the support E is lowerei 
or the support L raised by means of the screws (C, Eig 90) provide* 
for this purpose near the top of the A frames, until the cross-hair 
appear to have moved about a Quarter of the disf.n.no.p from f n m 



j-iic ciicuu uj. uns win De to rnrow the trace ot the line of collimati 
feoin pp to some new steeper position p%\ cuttmg the trace pp~ 
the height of the instrument from the ground ; if the alteration is 
the correct amount, p'p 3 ' will be vertical. 

Now the telescope is again elevated, and the cross-hairs redirect* 
to p by means of either of the vertical axis tangent screws, so tin 
the hne p p z is moved laterally until p’ comcides with p. 

On depressing the telescope the cross-hairs should comcide wit 

™ and ^ 3 ’ ^ not > a further correction must l 
PP mf dt .° f e adjusting screws until the desired result is obtained. 
T1 1 S te f l ca f be earned out on any type of theodolite, but usuall 

7 ^ffAri UStl ^ ent 2 nnot be “ ade on an instrument of the Y or Evere* 
pattern, and m these cases it is unnecessary, as the telescones are nr 
designed to work through large vertical angles. P are nc 

r "r S P me Tr , ansit instruments are not provided with an 

W ratetoS 1 S ™ Srgmaen f bem § tiat 11 A Ws arernad 
' er j ouostantiax the axis can only eet out nf v , 

fcough 180° vertically Sad It lSl i? ln8talmen, 

the second observation^ fi- f „i OI uiting it out of its bearmgs. Ii 

SO would nrbT^ “XaZ^7 0 ’ d - ( f ,en H u P side d °™> •£ 

tower os during Z fesfobstvScu P t?T ^ referenoe ^ «» 
material, provided that the line of enllim»« US ’ b ° WeTCr ’ would be im- 
, In 3?ig. 98 the distant Z h ybnbon is in correct adjustment 

the actual value seldom ending ^ erated ~ 

Pi and Pa,°an ae * ower wall to fix the points 

fto pound at the foot of thi^aU* ed hori «> ntaI1 7 or 

(3) S 6 «* *~y be noS*®* °“ *“ 50ale a! 

ooBimationofthe'tSopeshoSdbe^t ? f °°U™aHon — 1 The line ol 

transverse eras, in order^t^^^^— 
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revolution of tlie telescope ^ 111 be a plane If the line of colbraation 
is not perpendicular to the horizontal axis, it will describe the surface 
of a cone 1 as it rc\ olves, and its trace upon a level stretch of ground 
will be hyperbolic (see also Fig 109, p 102). 

(a) To test the accuracy of this adjustment, the mstru- 
p, f ,p f ment is set up ns already described, the telescope clips 
■ I uncovered to allow it to rest freely in its supports, the two 
if lower clamps tightened, and exact coincidence obtained by 
|| means of one of the tangent screws with some point p 1 
(Fig 99), eg an arrow placed at a convenient distance 
j away — say SO ft 

•j The telescope is lifted as gently as possible out of its 

;l bearings and replaced upside down If the line of colhma- 

1 tion lies in the axis of the telescope and at right angles 

I to the axis of rotation, then the cross-wires^ should again 

' cut the point pi , if not, another arrow, p z , is placed near 

Pj to coincide with their intersection 

The true perpendicular to the horizontal axis then lies 
; through a point p midway between p x and p 2 , because if 

U the cross-hairs m the first case he m the telescope a little 

1 w 99 to the left of the longitudinal axis, the point p t will be 

thrown too much to the nght, and as, when the telescope 
is turned upside down, the cross-hairs will be on the opposite side 
of the longitudinal axis, the point p z will be thrown by an equal 
amount too much to the left 

To complete the adjustment, the diapliragm is moved laterally by 
means of the capstan-headed screws in the sides 
of the telescope until the cross-wires appear to Pt Pt 
coincide with p — the point midway between p x j 
and p z . . 

As in adjustment (2), a horizontal levelling staff p 4 

affords a very convenient means of marking the j 

points Pi and p z , and dispenses with the need for W) 

an assistant. J jl 

The above method may be adopted with any / n 

type of theodolite, but as it is difficult to avoid / \ 

disturbing the instrument while inverting the tele- / < / jUtf 

scope, the following method (Fig. 100) is often / hi ? 
apphed to a Transit pj ’ Pi » P‘ 

(6) The instrument is set up and levelled as 
before ; the cross-hairs directed to some well- 
defined point Pl , the telescope transited, t e , 

swung over vertically ; and another point p x fixed to 
the intersection of the wche Ih« telescope ^^hedfrj^ts 
Kimnorts and replaced upside down (? e face nght insteaa 
leftfor vice versa), and directed towards ft. when ithe aCC1 . 
a rain fall exactly on this pomt If they do nofr-throug j 

° r On account of focussing, the surface of revolut.on will not be a true cone, a 
will be approximately so. 
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dental disturbance of tbe instrument, or through want of adjustment 
of the diaphragm — they are redirected on to p x by means of either 
of the horizontal tangent screws. The telescope is transitted once more 
and directed towards p/ with which the webs should coincide. If 
not, a new point p/ is marked — or noted on a horizontal levelling 
staff. 

If p v p z , Pi , Pi (Figs 99-100) are approximately equidistant from 
the instrument, the intercept between p/ and p/ will be double that 
between p x and p 2 , so that this test is more delicate than that previously 
described ; and any disturbance of the instrument m mverting the 
telescope m its supports is not so likely to affect the result, as adjust- 
ment is made on to p x after this operation. 

Thus if m the first case p x (Fig. 99) is inclined at a to the right of 
the true perpendicular to the horizontal axis, p/ will be mclmed at 
a to the same side when the telescope is transitted (i e . to the left when 
looking towards p/), so that the angle between p/O and p x O produced 
(where 0 represents the position of the instrument) is 2a. 

Similarly p/O makes an angle of 2 a on the opposite side of p.O 
produced, so that the angle p/Op/ is 4a, i e four times the error m 
the line of collimation. 

, T ? cornet, therefore, while the instrument is still directed towards 
Pi j j e honzontal capstan-headed screws of the diaphragm are manipu- 
lated until one-quarter of the deviation p/p/ is allowed for. 

The whole operation is then repeated until the adjustment is found 
to be correct. 


(c) As a modification of method (6) the position of the supports 
may be reversed (t c the instrument rotated through 180° in azimuth) 
an the telescope transitted, instead of lifting it out of its supports 
when intersecting p x the second time. ** 

No inaccuracy would result in methods (a) or (6) from a lack of 
adjustment of , the horizontal axis (2); nor in method (“, prodded 
that pj and p t are not on very different levels. 

is atfoiw meth0d ’ Smteble f0r ^ of Oolite (or level) 

niefer»H^ 10 «f tat t Iy Ie 7 eI steetcl1 oJ ground two distances AB and BO 

D ^rUy, equal, are measured off, and pe°s 

“outentttr^s “ d °- The 

jr 1 ® instrument is set up exactly midway between A and H tho 

"Srr 1 k fed f ? 2er °- “ d ae bSe bfo^t to b 
S 1 a™t^t m ,f screw f m ' o£ ~ 

is directed to hold an ordmary levelling staff 

may be cmph^ ed, ^preferred* rested 1 th ® vertlcal circle screw 

vernier readrng is not kept at zero 1 ° ^ cbppin S screws: re this case the 
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(p. 159) on each of the pegs A and B in turn, and the readings of 
the axial web at these points are taken — the bubble being ac- 
curately adjusted to the centre of its run for each by means of the 
screws HH\ 

The difference between these readings (cA and cB, Fig 101) will 
give the exact difference in level between the two pegs, as any errors 
affecting the one reading null equally affect the other, eg m Fig 101, 
" ’ _ if the lme of colkmation 

c j _ o S cf o’ c’ 18 inclined upwards, both 

e A ® ? '~~~k "" e ' readmgs will be too large 

A Lu IS Ih — IfL by the amount ec, where 

oc - line of collimation oe represents a level lme 

eoe - horizontal line through the instrument, 

too ioi and oc the line of col- 

limation 

S imilar ly the instrument is set up midway between B and C, and 
the true difference in level between these points ascertained 

The three pegs maybe driven m to the same level if desired, this 
is not necessary, nor is it always convenient 

The instrument is now set up near one of the end pegs, e g at V, 
and readmgs taken on the three pegs A, B, and C— the bubble again 
bemg m the centre of its run for each and the vermer of the vertical 
circle reading zero if the bubble tube is attached to the T frame 
If the intersection of the cross-hairs hes upon the longitudinal axis 
of the telescope, the lme of collimation will be coincident with tms 
lme, and, provided that the draw-tube moves, as it should, parallel to 
the axis, will not be affected by focussing If, m addit 10 n the ax.s 
the telescope is parallel to the axis of the bubble, the hue ofcoUm 
A'B'G' wall be horizontal for each of the readmgs A A, B B, , 

A, B, and C, so that the differences of the readmgs should agree wi 

the true differences in level already obtained hnbble 

If the longitudinal m is not parallel with the asis 0 the tabbte, 
the line of collimation will be inclined to the horizontal, 
bnbbto is in the centre of its run, and, when the cross-bans he on the 

longitudinal axis, — i ig* 

this angle of m- Ay . — ' - — IC' 


this angle of m- a* y . — ~ — (f 

clmation will be ~K~a*' = ~B' 

constant for the * ,<„**?- * 

three readmgs DA ° 

Let A"B C pj Q 102i 

(Fig 102) denote 

ta! D '£ 0 £‘‘ apparent differmces m level between B 

tf SSSSfAZ-ftfett**— the 


Ro 102. 


errors are, 


B ff B' - A" A' and C"C' -A" A'. 


But as D is ve^ near to A, A'A' is very smaB, and the errors are 
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approximately B"B' and C"G f ; so that if A"B"C" is a straight line 

B"B' C*C' 

AB “ AC 

or when AB - BC, CTC' = 2B"B'. 

If the intersection of the cross-hairs does not lie in the longitudinal 
axis of the telescope, the line of colhmation will not be coincident with 
the longitudinal axis, 
but will be inclined J 

to it. But,asalready D-r — * , 

explained, the dis- IK a r £ 

tance of an image ^ 

from the object-glass Fig. 103. 

depends upon the 

^stance away of the objech-the nearer the object is to the lens 
^e forther away is the image-consequently, as the cross-hairs are 
made to coincide with the image while the eye- piece is being focussed 

&£?» £ > ^ °I ““a Tariea as • «« or S Snt 
SifcSKf m ° re Dearly *“* tte lon gi“ 

nf axis of the telescope is parallel to the axis 

Itl J t* ^ e F ef r Cental) while thediaphW web “ 
g TlZ r® 0W ^ e ,r 3QS 18 sbo,5ni diagrammatically in IV. 103 

reaSg ° n * is D? > ** the 

g bB'cC' tHUS aS the 611013 m leveI are cC ' and &B', the 
relationship = jg is no longer true. 

A B B% k^chned^upw^^^Mk the the axis ? f the ****** 

Tho teue .Ufier 

J A ~ R » apparent 

D tj % differences in level 

/1\ 4 S’ ThF^KttiiJne cr are 6B-A'A and 


. r|<[=[ 


Fra. 104. 


oC-A'A. 

Tie errors are 
6B' and cC'. 

Had the line of 


end C are equidistant ^ naVe been double M' when A, B. 

, *- v «r double KB-. 

eheged 7 may be worked oat and the following s ummary 

,ics 0 ^ s^“ on ° £ ae 

b °^DZT e 7oaJtlnd hetWem A’ ®* and 0 “ obtained 
'uid-posifone ™AB “nd Ic" tl0Se kmi bom tta 
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94 SURVEYING 

or (ii ) If these diffei cnees m level are incorrect, provided that the 
errors between G and A, and between B and A are pro- 
portional to the distances CA and BA, % e. when the 
distances AB and BC are equal, if the error between 0 
and A is double the error between B and A 
Ihejbaphragmgcequires flowering by means i^th^jcapstandyiaded 
screw s above and below the jtelescppe 

^TlF"lhe'^eiror is upwards (i e C is apparently too low with 
respect to A), and cC' is less than twice bW (Fig 104) , 
or (n ) If the error is downwards (te C is apparently too high with 
respect to A), and cC' is more than twice 6B'. 

The diaphragm requires raising 

(i ) If the error is upwards and cC' is more than twice 6B' (Fig 
103) , 

or (n ) If the error is downwards and cC' is less than twice 6B' 

For a Y or Everest theodolite, a more simple method, which may 
be apphed indoors, is convement The instrument is set up and 
levelled , the vertical circle clamped with the telescope bubble at the 
centre of its run and the telescope itself resting lightly m its bearings 
with the clips unfastened. A reading is taken on to a levelling staff 

held at a convement 

O f^\ /^~"\ distance away, or a 

mark Pl is made on a 
^ Vy '— ^ V_^r wa p or other surface 

a b c “ c to coincide with the 

Fra io5. intersection of thecross- 

liairs The telescope 

is th en lifted carefully from „its bearings^ and,, inverted, when the 
cross-hairs should again coincide with the same mark p t as before 
If not, a new mark Pl is made, and the diaphragm raised 
lowered by means of the capstan-headed screws until the hair-Un 
fall exactly midway between Pl and p z , because it is obvious that i 
the line of collimation is inclined at say a to the longitudina 
the first position, it will be equally inclined at o m the oppose ( 
after mvertmg the telescope, and hence the axis will he midway 

<Jle So™bS m the ease of a Y or Everest instrument the 
adjustments (3) and (4) may be earned out simultaneoudy by tMuang 
thi cross-hairs on to a point p on a , wall, 

m its supports about its longitudinal ass If the line > of com ^ 

coincides with the longitudinal axis the hair-hnes mll cont * 
the marked pomt during the whole revolution, oth gw*® on its 
section pomt will appear to describe a circle havmg the po p 

“TtfKU, rf » that position of the telescope when to po»t» 
tot bisected the diaphragm is too low, the eto to ^U>P to0 ^ 
described above the pomt p (Fig 105, ) , . P ° +g 0 much to 

thecircle ml be below (Fig 105, 6) to 

the right, the circle will be apparently on the left , ana 
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circle mil be on the right if the cross-hairs are on the left. In a case 
where both adjustments (3) and (4) are incorrect the circle will beset 
obliquely, as, for example, in Eig. 105, e, when the cross-hairs are low 
and^o the right, for the normal position of the telescope. The adjust- 
ments are made by means of the capstan-headed screws of the dia- 
phragm as before explamed. . , , ,. . 

(5) Adjustment of the Telescope Bubble. — The object of this adjust- 
ment is to place the axis of the bubble parallel to the line of collimation, 
and consequently parallel to the longitudinal axis of the telescope. 

Two pegs A and B are driven m the ground at a convenient distance 
apart — say 2 chains — and the instrument set up exactly between 
them Readings are taken on a levelling staff, held upon each of the 
pegs A and B in turn, care being taken that the telescope bubble is 
in the centre of its run for each case If the bubble tube is on the 
vernier arm, and not on the telescope itself, the reading on the vertical 
circle should be zero. The true difference m level between A and B is 
thus obtained, as already explamed in adjustment (4) ; in fact, by using 
the pegs A and B m that test the two adjustments (4) and (5) may be 
done at the same setting of the instrument. 

The instrument is now moved to a position D near A (or B), and 
with the bubble in the centre of its run and the vertical circle vernier 
at zero, readings are taken on the two pegs 

If the apparent difference in level between A and B thus obtained 
does not agree with the correct difference as previously found, the line 
of collimation is evidently inclined to the horizontal instead of bemg 
parallel to the axis of the bubble. If B is apparently too low (Fig 103), 
the object-glass end of the telescope must be raised, and if B is ap- 
parently too high, this end of the telescope must be lowered by means 
of the parallel plate screws — or by means of the vertical arc clipping 
screws KET — until the correct difference in level is obtained from the 
altered readings The reading on the nearer peg A will alter only very 
slightly, so that, if the staff at B is observed while the inclination of 
the telescope is being altered this correct difference is quickly obtamed 
in one or two trials, and the hue of collimation is then horizontal, and 
as the diaphragm screws are unaltered — still m the centre of the 
telescope 

The next operation is to make the axis of the bubble parallel to this 
bod]usting,the. capstan-headed screws .which attach -the tube to. the 
to the _ top of the T frame -which„canies-the^verniers, sp 
as to bring the buuble-to the-centre of lts.run. 

For a Y or Everest mstrument where the telescope can be lifted 
^° I1 £ 1 if su PP°ri s > and where the bubble tube is attached to the telescope, 
the following alternative method may be adopted. 

i collimation having been adjusted, the telescope, resting 

ughtly and unclipped in its supports, is turned until it hes parallel 
to the two base screws b and c (Figs 95 or 96), and by means of these 
screws the bubble is brought to the centre of its run, while the vernier 
oi the vertical circle is approximately at zero. The telescope is then 
uliy lifted from its bearings and replaced end for end, still being 
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parallel to be The bubble should still be m the central position , 
if not, lialLthe. deviation ,is corrected, by ■Jneans.pf, the jparallel jdate 
scre ws be (or the vertical circle tangent screw), and half byjneW of 
the. capstan-headed screws attaching the level tube to the telescope 
(compare T?ig *07) 

The level tube may also require a little lateral adjustment m order 
to bring its axis parallel to the longitudinal axis of rotation of the 
telescope. If so, the error can be detected by turning the telescope 
slightly about this axis and noting whether the bubble keeps to the 
central position. If not, on some instruments, the adjustment may 
be made by screws capable of horizontal motion at the ends of the 
level tube 

(6) Determination of the Index Error of the Vertical Circle. — -When 
the bubble of the telescope is in the centre of its run, and therefore 
when the line of colkmation is horizontal, the vernier of the vertical 
circle should indicate zero If it does not do so, the value of the read- 
ing, which is the “ index error,” is noted, and, as the case may he, 
added to or subtracted from all angles of elevation or depression 
observed with the instrument 

In a Transit instrument the vernier can be clamped to zero, and 
the telescope afterwards brought to the horizontal position by the 
clipping scicws II and H' (Figs 90 and 91), whet . tar on opposite 
Hides of the lug P upon the A frame, ^fccns^hould. therefore be no 
index-error. with a -Transitunstrumeni , , , , .1 

To measure a simple horizontal angle BAC with a theodolite, t 
instrument is accurately set up and levelled so that the pj u “ * 
hangs over the point A* The parallel plates are uncampdandth 
zero of the vernier brought to the zero of the ^ ^e 

coincidence being obtained, after reclampmg, by means of the n 

” d, Chw« ’oCKng been loosened, the instrum ent is taraed 
about the outer axis until the telescope is ^ r f ted ,^^i d nce 
hand object B, when the clamp is again tightened, and exac ^““ c screw 

obtained with the cross-hairs, by m ° aD i stdl reads 

The telescope is thus directed towards B while the verm 

Zer °The next operation is to unclamp the upper screw and rotate the 

instrument about the inner axis until % th^usTof the upper 
C, then reclamp and get exact coincidence by tangent 

tangent screw During this movement the lowe ^^^Jed 
screw are untouched, and hence the value of 
by the venner, which is rend by means of one of p ^ 
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THE THEODOLITE 97 

ment . m easures . the actuaLyalue-of the- angle -instead ^of its-horizontal 
'projection. 

For Repetition and Reiteration see p 105 and p. 106. 

To measure the angle of elevation or depression of an object C, 
the theodolite is set up and levelled as before, and the vernier of the 
vertical arc accurately adjusted to zero, by means of the vertical circle 
clamp and tangent screw. The bubble is brought to the centre of its 
run by means of the screws H and H a (Fig 91), thus making the lme of 
collimation horizontal while the vernier reads zero 

In the case of a Y or Everest theodolite, or some types of Transit, 
the bubble is merely brought to the central position by the vertical 
arc clamp and tangent screws, and the reading of the vernier noted 
when this is completed ; the index error is thus obtained if the zeros 
do not comcide 

The line of collimation having been fixed horizontal, the clamp is 
loosened and the telescope tilted about its transverse axis until it is 
directed to C, when it is agam clamped and exact comcidence obtamed 
by means of the tangent screw G ( not the screws H and H x ). The 
reading of the vernier ± the index error, if any, then gives the angle 
of elevation or depression required. 

To range a Line of considerable Length with a Theodolite — Let AB 
be a portion of the lme which it is required to produce beyond B 
The instrument is set up, accurately centred over the point B, and 
levelled. 

With a Transit instrument, the telescope is then directed towards 
A ; both horizontal clamps are tightened, and the cross-hairs made to 
intersect A correctly by means of either of the horizontal tangent 
screws. The telescope is next transitted, % e. revolved in a vertical 
plane, and a new position C located at the intersection of the cross- 
hairs on the opposite side of AB to A. The position of C is first marked 
approximately by means of a wooden peg, after which the exact 
prolongation of AB is fixed by sighting to a nail, a pencil, or other 
object held against a white paper background, and this point is 
permanently marked on the head of the peg, probably by driving in 
a nail 

To ensure the accuracy of adjustment (3) (Fig. 100), the process may 
be repeated after reversing the positions of the supports by turning 
the instrument through 180° in azimuth and thus causing the telescope 
to be inverted when directed towards A. If the two pomts on the peg 
C are not comcident, the mean position is adopted. 

To proceed with the line the theodohte is set up at G, the point B 
intersected, and the telescope agam transitted to fix a fourth point D, 
and so on 

To avoid the accumulation of errors due to observation, etc., 
the distances apart of the stations B, C, D should be as great as 
is convenient without sacrificing distinctness of the object to be 
bisected. 

With a Y or Everest theodohte the telescope may be lifted from its 
supports and replaced end for end instead of transiting ; or the head 
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circle is 

■flinch theodolite observations are 


of the instrument may be turned through 180° in azimuth In 
this case the vernier of the horizontal circle must be noted when 
the telescope is directed to A, and 180° added to this readme to 
locate C b 

For the other methods the reading of the horizontal 
immaterial. 

Errors — The chief errors to 
liable will now be enumerated 

5 Inaccurate .centering : i e. the error due to the aids of the 
instrument A' not being exactly above the station-point A, so that 
instead of the required angle BAC being measured, BA'C is 
observed 

The error isa .‘Acompensating”, one, because for a maximum dis- 
placement of AA", say, the axis may fall anywhere within the dotted, 
circle (Fig. 10G), which has its centre at A and a radius AA". 

For points within the sector a Ad the error is the sum of the angles 
subtended at B and C by AA', and is negative ' 

For points within the sector bAc the error is the sum of the angles 
subtended at B and C by AA', and is positive. 


toB 


points within tbe segments 



Fro JOG- 


-Error due to Defective 
Centering. 


For 

a Ah and dAc the error is the 
difference between the subtended 
angles at B and C, and may be 
positive or negative according to 
whether A' falls witbm or without 
the arc of a circle which passes 
through BAC. 

For any position of A' on the arc, 
ZBAC=Z.BA'C 

The subtended angles are inversely 
proportional to the lengths AB and AC for any specific displacement 
of A', sojlhat. it Js -particularly important to centre the instrument 
accu rately when the rays, are short, otherwise considerable crror,may 
result 

For example, if AA —}/ at nght angles to AC, and AC=50 ft, 
tbe angle subtended at C=sin -1 teW- 2'-52", while if AC =500 ft 
the subtended angle is sm -1 r —hrv s= W'’ 

It is obvious, then, that for accurate work it is not sufficient to mark 
a station-point merely with a 1 V or 2" wooden peg — especially when 
the lengths of sight are short A nail should be dn ven into the head of 
the peg to mark the exact point, and the instrument adjusted until 
the plumb bob is suspended as nearly as possible over this If the 
hook from which the plumb-bob is suspended is not quite on the axis— 
particularly if it has been knocked and bent from its normal position 
— a small centering error may be introduced For very long sights, 
eg m a large tnangulation survey, ordinary centering errors are 

generally negligible . , 

In prolonging a Ime AB to C it is evident that the perpendicular 
displacement of C' from its true position C, due to a perpendicular 
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displacement of tlie instrument B'B from B, is expressed bv tbe relation- 
ship jq ~ 2 A» any displacement parallel to AC bemg immaterial. 

2. An,error may^arise d ue to the, m accurate bisection^ the object 
which,, is being ^sighted. For instance, if the pomt B is marked by a 
ranging rod, the observer has to use his judgment as to the point 
where the cross-hairs bisect this Bright sunlight on one face with 
dark shadow on the opposite face of the rod may lead to an error of 
this class. This, error again is compensating, and its m agnitude is 
inversely p roportional to the length, of the rays For accurate’ work 
with short sights a plumb-bob suspended over the station-point may 
be sighted (Fig 250). 

3. When a station-point is permanently marked by a peg and 
temporarily for sightmg purposes by a ranging rod by the peg, care 
must be taken that the rod is placed exactly m the correct hue. It 
should also be exactly vertical, otherwise con- 
siderable error may arise, particularly if, A' 

owing to intervening obstacles, a pomt near 

the top of the rod has to be sighted. AJL-& 

generaljrule.thQ,Iowest.ppint visible should-.be A 

viewed. 

When a plumb-line is used for sightmg £ 
purposes care should be taken that it is not 1 

deflected due to wind and other causes This n A 

error is generally “ compensating,”., and ,its jjf I 

magnitude is .inversely proportional to .the J 

lgngth of the rays. 4 k / 

A Anlerrormay.also„anse .due to.‘‘.paral- 
lax^l i.e to the cross-hairs not coinciding 
exactly with the image m the telescope. Fro. 107 . 

Under these circumstances, by moving the 
eye to different parts of the eye-piece lens the hair-lines can be 
made to move relatively to the image when it becomes very difficult 
to bisect the station-pomt correctly. The eye-piece should be adjusted 
until all possibility of error from this source is eliminated. 

This,, error is . ‘ ‘..compensating/’ and more appreciable for distant 
objects 

5. If the central axis of the instrument is not placed m a truly 
perpendicular position, but is inclined at a to the vertical, then the 
readings on the different verniers will indicate angles measured in 
planes mclmed at a to the horizontal and vertical respectively. These 1 
angles will always be in excess of the horizontal and vertical proj'ee- v ! 
tions required and the errors will therefore be '‘cumulative.” 

Thus m Fig. 107 let ADB represent the scale plate displaced from 
the true horizontal plane AOB through an angle a about an axis AB, 
the “vertical” axis being similarly displaced through an angle a 
from the vertical. Then if the telescope is turned through a horizontal 
angle A'OC' from a pomt A' m the continuation of BA to a second 
point C' on the same horizontal plane, the angle recorded on the 
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SURVEYING 

=onlo plate is the angle AOD where D is \eriically above 0 on the 
line DC'. 

The locus of I) being a circle, i c the edge of the scale plate, the 
locus of C is an ellipse 

The error in the horizontal angle due to the lilting of the scale 
plate is the difference between the recorded angle AOD ( 0 ) and the 
true angle AOO (<£) 

I.et J)K and UE be the perpendiculars from D and C respectively 
an to Alb 


Then 


, ED ,, .EC ED cos a 

tan ®" JJO a ~JX) 

tan (?'- tan •}> fcc a . 
sec 5 0 .<10 " see 5 <j> . <hf> . sec n, 

dO c ec 5 <jt sec a 

” -*- n -• • 

dd> sec* 0 


(1) 


( 2 ) 


But 0 ~<f> will increase ns long ns dO is greater than d>j>, and the 
imimnm value will occur when tW^di}>, i c when 

see 5 (f> . sec a r* ‘•cc 5 0 , 

>r (1 + tan 5 tfi) see a - 1 -r tan 5 0, 

)t substituting for tan 2 ^ from (1), 

i] )Qn tan 5 0(1 - cos a) « see a - 1 , 

, r tan 2 0*= sec a, ...» (3) 

tnd from (1) tan 2 cos a. . • (4) 

0 - dj will be a maximum then when ^+ff=90° or «licn ^ 
ipproxnnatcly 40° on cither side of the Imc AB , and will 

nimmum when 0, 90 3 , 180°, 270 3 , or 3G0 mcasurc d in 

Thus for the maximum error m a horizontal an 0 lc m 

my quadrant from AB, and when a « 1° 

tan 2 0 = sec 1° and 0 = ‘lo o -00'-08", 

v bile tan 2 « cos 1° and $ « 4d°-59'*52", 

0 'o" %£&****•£ ' a * u0 - 

naximumerror m horizontal angles measured from AB, 

,hcrc dO is the maximum error in seconds and a is the error m the 
cvellmg of the instrument m minutes many horizontal 

oE3L-ir.«-». »*« 

S&iSSE? “h. - the measured ang.e . W— ** 
l Proc. hut C.E. voL xcu p 214. 
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90° and symmetrically placed relatively to AB, tlie error being then 
double that given by tbe above rules 

Thus if tbe scale plate be displaced 1° from tbe horizontal, any 
horizontal angle that is measured between two points on the same level 
will be liable to an error, the magnitude of which will lie between 0 

Oq- 

and 32" — or generally between 0 and , where a is the inclination of 


the scale plate. 

If the two points between which the observations are made do not 
he in a horizontal plane, the error introduced may be much more than 
that given above owmg to the fact that the telescope will not swing m 
a vertical plane (see 6 below) 

Thus if C' is at 30° elevation, while A .' is at zero elevation, the 
maximum error when the vertical axis is tilted 1° may be as much as 
30' ; m fact there is, under such conditions, an error of about l 7 in 
azimuth for each degree in the angle of elevation or depression of C'. 

This source of error is important, and particular care must be 
'exercised m levelling the instrument when 
horizontal angles between points at greatly 
/different levels are to be measured, the long 
/sensitive telescope bubble bemg then used 
with advantage. 

6. If the transverse axis of the telescope 
/is not exactly at right angles to the vertical 
| axis (see adjustment (2)) the line of colhma- 
Ition will not swing in a vertical plane, and 
consequently angles of elevation and de- 
pression will not be measured in a vertical 
plane, but m an inclined plane 

Thus in Fig 108 if BOB', i e. f3, is the 
true angle of elevation of B, and a is the 
error in the perpendicularity of the horizontal 
axis to the vertical axis, then the recorded 
angle of elevation is BOB" where BB" 
is the line traced out by the cross-vires upon a vertical plane, 
ic B" vill fall to the right of the vertical BB' through B when the 
higher support is to the right, and vice versa the line of colhmation 
will swing down to B'" on the left if the higher support is on the left. 

Thus 



If a = 1' and /? - 15° the error is negligible, w hilc if a is as much 
as 1° and fi = 4o 0 the error is about 32". 

A more considerable error is introduced into a horizontal angle 
when the two points B and C between which the angle is subtended 
are at widely different levels Thus imagine the point B ha«? an angle 
of elevation of /?, while C lies m the horizontal plane through the 
instrument 0. 
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102 SURVEYING 

The true horizontal angle is then B'OO, where B' is vertically below 
B, the recorded angle is B"OCJ, and the error introduced is the angle 
B'OB" ( = y). Then m Fig 1 08, since OB"B' = 90° if B'BB" is to equal a, 

B'B" BB'tana , 0 + 

siny=-Q^ 7 = — Q fi ; — =tanJ3tana 

So that if a-V and ft = 45°, the error y is equal to 1', which is very 
appreciable 

If C has an angle of elevation 8, the error in the horizontal angle 
BOC is tan -1 (tan /3 tan o) - tan -1 (tan 8 tan a), which becomes ml 
when ^=8 If C has an angle of depression 8, the sign of this 
expression becomes + , 

If the angle is measured twice, transiting the telescope and' 
turning through 180° in azimuth between the observations, then! 
the average of the two values will be correct and wall eliminate 
this error 

7 If the line of collimation is not 

In 1 13 perpendicular to the horizontal axis as 

/ ij\ described m adjustment (3), it will approxi- 

/ f \ matcly trace out the surface of a cone 

/ 1 \ w Inch has its vertex m the telescope tube 

/ \ The trace of the intersection of this conq 

i l \ with a vertical plane will be hyperbolic/ 

/ bj IV 1 and hence when the angle between two 

ijKj /B’ff points B and 0 is being measured, if B is 

/ If?/ 0 C at a very different level to C, the observed 

in// value will not be correct 

/ // Thus to take a simple case, suppose O is 

l/// s' at the same level as the instrument axis, 

\[y s^ while B has a considerable altitude (Fig. 

O ^ 109) , _ , , 

Fio 109 Then the angle required is that between 

B'— a point vertically below B on the same 
level as C-and C But if the cross-hairs, which are assumed to be a 
little on the left (say) of the axis, arc focussed on t° B and tne 
telescope then swmng down, the hyperbola traced out JvdlwitB C 
a point B" to the right of B', and the measured angle will be that 

between B" and 0, and therefore too small , 

If,' however, the telescope is inverted so as to bring the cro 
on the right of the axis, t e if the face of the instrument is chang , 
then too large a value from B"' to C is obtained, and j 

between the two observed angles will give the co f r ® c ^ a ^ F s 10 9 
The magnitude of the induced error may be studied from hig iuj 
Let 06 be the direction of the telescope aias when the toe rf colinn^ 
tion OB is directed to B, so that the angle 60B is the error 

C0Ul Sen°if V and B' be the projections of 6 andB^and 

plane ^the error (a) - 
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collimation is the angle 6'OB"', for the axial line of the telescope will 
pass through 6' vertically below b, while the line of collimation will 
pass through B'", and the angle between the axial line and the line of 
collimation is constant and equal to a, except for any differences 
caused by focussing. 

The true horizontal angle between B and C is therefore B'OC 
where B' is vertically below B and G is in the horizontal plane through 
the instrument, while the recorded angle is B'"0C, and the error is 
B'OB"', % e. 

B'05'-B"W or(y-a), 


where 


_B'6' _ B6 _ B6 tana 
tan y - OF q6' “ 06.0080 ^ 0 ‘ 


Thus if a — 1° and 0=45°, y = l°-24'-9", and the error mtroduced 
into the horizontal angle BOO is 24'-9". 

If a — 5' and 0 = 10°, y = 5'-5", and the error is 5". 

Similarly if C has an elevation of 8°, the total error in the angle is 



This is evidently ml when S=j3, i e when B and C are in the same 
horizontal plane, and when S = - 0, te when the angle of depression 
of C is equal to the angle of elevation of B. 

For accurate work, the errors due to both sources 6 and 7 areh * 
eliminated by measurmg the angle twice — once F II and once F L ,( 
— and by taking the average as the true value. Pivots should 
not be changed between these observations, as, if this is done, for 
the reasons explained on p 515, any pivotal error m the instru- 
ment affects the result. If desired, however, after completmg the 
above two observations, the pivots may then be changed and 
another set of two FR and FL observations taken The mean 
of these should agam be correct, and should afford a check upon 
the first set 

No special advantage results from the change of pivots, and 
usually it is equally effective and more simple to take the additional 
pair of F B,. and F L readings upon a different part of the horizontal 
scale, without this change 

The effect and elimination of this error in the ranging out of a line 
is seen in the description of adjustment (3), p. 90. 

8. If the line of collimation does not he on the horizontal axis of the 
telescope, the slope of this line alters as a near or more distant object 
is being viewed, and thus it cannot be horizontal or parallel to the 
axis of the bubble, when the vernier of the vertical arc is at zero, 
except for one position of the draw-tube Consequently error is- 
introduced mto angles of elevation and depression at all otheij 
ranges — angles measured m azimuth on the horizontal scale aref 
unaffected 

The error will be of equal magnitude but of the opposite sign when 
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104 SURVEYING 

ftlie telescope is inverted, and will consequently be eliminated by taking 
'<ns 'correct the average of two readings for the second of which the 
telescope has been inverted. 

9 An error may be introduced into horizontal angles as a result) 
of imperfect or eccentric centering of the vernier plate Thus m Figj 
110 let 0 be the true centre of the scale plate, while 0 X is the centre 
about which the vernier plate and the top of the instrument rotate, 
ic Oi is the centre of the central axis, and 0 that of the hollow outer 
axis 

The effect of the error can perhaps be most clearly seen by con- 
sidering the movement of the telescope and vernier from a position 
aOjOb when the two centres are m line Let the telescope be turned 
through an angle a toaposition cOj/Z, * c Z. flOjC = Z. dO x b == a. Through 
0 draw a line eOf parallel to cOyd — so tliat Z. aO^c = fOb = a. Then as 
O is the true centre of the primary scale circle accbfd, the arcs ae and 

6/ are each equal to a proportion ^ of the whole circumference-* e. 

to a divisions of the scale , 

But the reading of the vernier at c is the arc ac, 

® and tins is the value of the angle cOc, which is less 
than the angle aOe by the angle cOc 

Similarly if there is a vernier exactly on the 
opposite side of the plate, the reading of this will 
be denoted by the arc bd mstead of by bf, and 
will thus be too large by the angle dOf But as 
ce and fd are -equal, the angles dOf and cVe are 

equal ( = 8 say) , ,7 i. 

S1V Th^error from this source may— especially on an “^^ewten 
has had much wear and tear— be several minutes in m gn 
one verrner only is read, a maximum error of 1 ^ J 

an eccentricity of 0 00087 inch in a 6-inch diameto scale plate, ** 
a good instrument the error should^ bemuch less— i 
10" to 20" for a.6-jnch theodohte , not . 

" ~10 The graduation marks on the scales of an “J^.Tthis cause 
be exactly equidistant, so that to dimmish errors _ arts 0 f 

an angle is sometimes measured several times urobably more 

the scale, and all verniers read, when the ayMage i e P er rors ^ue to) 
correct than a single reading The magmtu makers 

imperfect graduations may be 10 or “ ore ;, tbo ^ ^ a micrometer 
can guarantee much greater accuracy than this B only 

theodolite reading directly to 5" an error of two to three 

might be expected „ , „ occur nng when accurate!! 

ii Errors may arise due to slip occurring , sore wsjl 

doSse to iLmate to as much os possible. 
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12. In addition to the above-mentioned errors, mistakes may arise 
due 

(a) To the confusion and observation of wrong station-points 

(b) To the incorrect reading of the scales, e g. 88°-30' for 91°-30', 

and vice versa 

(c) To the omission of a half degree when the primary scale 

is so divided, e g 181°-15' instead of 181°-45'. 

(d) To the reading of the wrong vernier, producmg an error 

of 180° or 120° approximately. 

(e) To the wrong application of an mdex error — positive 

mstead of negative, or vice versa 

(f) To the manipulation of the wrong tangent screw. 

Etc. etc 

For extreme accuracy m the measurement of horizontal angles 
there are two general methods of procedure which may be adopted, 
viz. Repetition and Reiteration. 

Repetition. — To measure an angle BAC by this method — first 
suggested by Borda — the instrument is set up exactly over the station- 
point A and accurately levelled 

The vernier u clamped to the zero on the scale, the microscope and 
the upper fine adjustment screw being used to facilitate this The 
lower clamp is loosened and the telescope directed to the left-hand 
object B ; the clamp is re-tightened, and the station signal bisected 
by means of the lower tangent screw. The leading vernier should now 
be examined again to see that no slip has taken place, and the readings 
on other verniers noted The vernier plate having been unclamped, 
the telescope is turned towards G ; it is then reclamped and C bisected 
by means of the upper tangent screw. The leading vernier, though 
not necessarily read at this point, should now indicate the value of 
the angle BAG— a, say 

So far the process described is the ordinary procedure for the 
measurement of an angle, but to obtam greater precision the lower 
plate is now unclamped and the telescope turned about the outer axis, 
then reclamped, and exact comcidence agam obtamed with B by means 
of the lower tangent screw — the vermer still reading a 

The upper clamp is now loosened and the telescope redirected to 
C, and this station bisected as before by usmg the upper clamp and 
tangent screw. The vernier should now read 2a 

This procedure may be repeated any number of times, and the final 
readmg after n repetitions should be na ; so that if the actual final 
reading is observed and 360° added for every complete revolution to 
give the value of na, this divided by the number of repetitions n gives 
the value of the angle BAC = a. 

The average of all the values given by the different verniers should 
be adopted 

BiLthlS mean s angleS-C an be rea d to p finer dpgrep, nf sul-id ly isioii 
tlia^EosAj.ndicat^lfefH^maUest.gra duations on t hejgsrmer. 

Anyjirxorjiue to the Jcales being ini perfectly graduated'', tenff to be 
eliminated, as the an ale is measured on several narts of. the scale and 

— " * * * **" ■ i '» ■ O ’*«***»’ <- a- " *■' ** 
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thc^su&^vcragpd. ; also errors due to inaccurate bisection of thei 
object, eccentric centering, etc , may be to some extent counterbalanced! 
in tlic different observations, and any personal error m the reading! 
of the verniers is reduced m the ratio of n . 1. 

Ollier errors due to slip, displacement of the station signals B and C, 
want of vertically of the axis, etc , being cumulative are not eliminated, 
so that the labour involved m carrying out a large number of repetitions 
is not justified by the increase of precision obtainable, and usually 
two or three repetitions are quite sufficient 

Reiteration is a much lc<*s tcd ious-i ncthod whq n_a Jarge number,n f 
ancles are to be J iieasurccLat.a_.fi tafaoru.and is earned out as follows 
Let A be the instrument station, above which the theodolite is accur- 
ately set up, and let it be required to determine the several angles 
BAG, CAD, DAE, etc , subtended at this point (Fig 111) The leading 
vernier is adjusted and clamped at zero by using the upper plate 
clamp and tangent screw, and the telescope is then directed to some 
well-defined point, with winch exact coincidence is obtained by means 
of the low cr clamp and tangent screw. This point, say B, is known as 

the “Referring Object,” and may or may 
not be one of the station-points BCD, etc 
After bisection by the cross-liairs the vernier 
readings are all noted, and the telescope 
turned about the inner axis towards C, and 
again clamped and adjusted to C by the 
upper tangent screw. 

The readings of the verniers wducli are now 
noted give the value of the angle BAC 
The upper plate is then unclamped, the 
cross-hairs turned and adjusted to D, and the 
verniers again read — giving the angle BAD 
Similarly the remaining points E . are bisected and finally e 
telescope is turned to the initial point B, when the leading verme 
should read 3G0°, as the low er clamp and tangent screw have not Been 

touched during the revolution , 

There may, how ever, be nn error due to slip, etc , if small, tin y 
be equally divided among the several angles, but if a large ammm , 
readings should be disregarded and a new’ set taken in heu o 
If these are satisfactory, the leading vernier is next clamped a 
point otlier than aero, a / about GO" or 90", but not neeessardy at an 
oven degree, and the angles again observed in a sl ™ 

To compensate for slip, the second set may be tahen i 
clockwise Lection, and the telescope mustbe “f ““/fY 
instead of face left (or vice versa), or be inverted m the case 
S BverSt instrument m order to eliminate inaccuracies due » 
errors 6 and 7 mentioned above 

The cross-wires too may be brought into exact > comcid Q 

the obiect. from a different direction m each iteration inj>tae^ 
ebrnmatelhe-eflects of .back lash , a . before 
Sent, the instrument may be clamped so that the intersect 
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cross-Iiairs falls a little short of the exact position for each reading in 
one reiteration, and a little beyond the object for each reading in the 
second reiteration. 

Emally, by subtraction, the values of the different angles are 
deduced, and an average of the various vernier results for the several 
reiterations may be taken as the correct result. Usually two reitera- 
tions will be sufficient, but more may be observed if necessary. 

The same remarks concerning the errors which are eliminated, in 
addition to those specially mentioned, apply as m the method of 
Repetition. 

Accuracy of Angular Measurements — An ordinary 4-inch vernier 
theodolite is graduated to read to 1' or occasionally to 30". 

An ordinary 5-inch vernier theodolite is graduated to read to V 
or occasional!}’- to 30". 

An ordinary 6-inch vernier theodolite is graduated to read to 20" 
or occasionally to 10". 

An ordinary 7-inch or 8-inch vernier theodolite is graduated to 
read to 10". 

A dial or circumferenter 6 mches diameter is graduated to read 
to 3'. 

A prismatic compass 2£ mches diameter is graduated to read 
to 30'. 

A box sextant 2f inches diameter is graduated to read to 1'. 

A nautical sextant 7 inches or 8 mches diameter is graduated 
to read to 10". 

With micrometer microscopes 5-inch and larger theodohtes may 
read to 10" on the micrometer drum, and by estimation to 1". Better 
class instruments may be still more finely divided (see below) 

Considering a G-inch vernier theodolite, say, graduated to 20", the 
maximum error due to reading only would be about 10", as anything 
over the 10" would be recorded as 20", and anything below 10" as 0". 
Also as there is an equal likelihood of the value being anything between 
0" and 10" or between 10" and 20", the probable error will be ± 5" for 
a single vernier , or if an allowance of 2 or 3 seconds is made for 
imperfect graduations, ± 8" say. 

8 * 

For two verniers the p e should therefore be about ± ; and if 

v 2 

f r. and f 1 observations were taken the p e of the mean of the four 
readings due to this source would be ± 4". 

Errors due to centering vary altogether with the length of the 
lines, as explained on p 98. In tnangulation they are generally 
negligible, but m traverses where the length of sight is small they may 
be very serious. Errors in bisection of the object also vary a great 
deal with the nature of the object sighted and the length of the ray 
(see p 99). 

Errors due to lack of adjustment of the instrument are obviously 
very variable, and may amount to several minutes, as explained 
above. 

For a single observation with a 6-mch theodolite, if the two verniers 
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g* 

are read, and the p e due to reading is = — j- and due to inaccurate 

bisection = 6" say, then if the instrument is in perfect adjustment, 
accurately levelled, and the sights are long, the p e would be about 

= J{o 7) 2 -f 6 2 = = 8". 

During the measurement of an angle, however, two points have to 
he sighted — one at each extremity of the angle — so that the pern 

the value of the angle would be ± 8 J2 = = 11 ¥, say. 

Owing to imperfect adjustment this error might he considerably 
increased^ but with a single Is and LL set of readings the errors due 
to lack of adjustment would be largely eliminated so that the p e of 
the result should not greatly exceed 

= ^ = =8 * 5Say * 

This is not the maximum error to be expected : the chances are even 
that it will be either greater or less r 

If there are n reiterations the p e would be about = 8 — s/n 
If there are n repetitions on one face, the p e due to inaccurate 

reading would be seconds, and that due to inaccurate bi- 

° +/2n 

section = 6 x — seconds, so that the total p e m the value of the angle 
w 

would be seconds. ^ ^ 

Itota rough estanato o£ the accuracy to he Kpected may he 

made in the ease o £ other instruments MP 

A Surveyor may find his own probable error wun ^ Jar 
instrument by experiment, from observation up .^angulation, 
and polygonal errors he gets m closed tra^eK conditions. 

Thus if & average tnangular error is i 30 under certa 

his average angular error is = 17' nearly. 

OntheGeoaeheSnrvgoaheTra^Unaanng ^ 

and on the — - ** 

each division represented 2 . 
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THE THEODOLITE 109 

Tlie p e. of a single angle when measured on 8 arcs was found to 
be ± 0 30", and the p e of a single angle when measured on 4 arcs was 
found to be ±0 39". 

The triangular errors very seldom exceeded ± 1 5", and were 
generally below 0 5". 

In the measurement of the Geodetic Arc of the 30th Meridian 
in the Semlila-Ruwenzori region to the west of Lake Victoria, 1 a system 
of tnangulation was built upon an accurately measured base (p. 423). 
The angles were measured with a 10-inch Repsold instrument, hekostats 
being employed by day and acetylene lamps by night Each angle was 
measured upon eight settings of the horizontal arc, and two measures, 
f.r and f 1., taken for each setting. The longest ray was 47 miles. 

The average triangular error was ± 0" 812 and the p e of an 
observed angle ± 0" 390 

The p e. of a single angle on the Ordnance Survey 2 was about 
± 1" 20, while the mean value of the p.e. obtained on the Contment 
was given in 1895 by General Ferrero as ± 0" 8. 

For modern work under favourable conditions the p e may be 
as low as ± 0"*25. 


EXAMPLES 

1 (U of L ) In a Transit theodolite the intersection of the webs is displaced 
0 05 inch in a horizontal direction from the line drawn through the optical centre 
of the object-glass parallel to the axis of the draw-tube Find the angle through 
which the line of colhmation is turned when the focal length is altered from 
10 inches to 11 inches 

In measuring the horizontal angle between two points at very different 
distances, is the error from such a source eliminated by reversing face ? Give 
reasons How does it affect vertical angles ? 

2 If the line of colhmation of a transit theodolite is adjusted laterally by 
sightmg to points 50 ft away from the instrument, what will be the error m 
the line of colhmation when sightmg to points 200 ft away, if the optical axis 
of the telescope is inclined at (90 — 0)° to the horizontal transverse axis ? The 
principal focal length of the telescope may be taken as 12 in 

If 0=10', what will be the approximate distance of p/ from p" (Fig 100) ? 


1 British Association Report, 1910. 

8 Engineering, January 2, 1914, and January 23, 1914. 
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Chapter V 

THEODOLITE SURVEYING AND DIALLING 


The Plotting of Angles. — Before dealing with the subject of theodolite 
surveying, it may be convenient here to summarise the various 
methods by which the values of angles obtained m the field may be 
plotted on the plan 

The most important of these methods are . 

(1) By means of an ordinary protractor 

(2) By means of a vernier protractor (Fig 112), which is circular in 
shape, usually about 6 inches m diameter, and fitted with a rotating 
T frame On one arm of the T is fixed a clamp and tangent screw 
arrangement for fine adjustment, while to the other two arms 
verniers are attached The outer portions of these two arms are hinged 
as shown in Fig 112, and fold over the centre of the instrument when 

not in use, otherwise they open out 
^ # flat with the points kept slightly 

* above the paper by means of light 
sprmgs In the centre is a small 
glass circle engraved with two cross 

lmes . 

To plot an angle a at the point 
C in a fine AB, one of the verniers 
is adjusted to zero by means of the 
clamp and tangent screw, and the 
instrument laid upon the paper in such a position that the intersection 
of the cross-hairs bes exactly above the point 0 

If the small pricker on the underside of one of the arms at it 
extremity is placed on the line AB, the pricker under the °PP? S1 
arm should also fall on the same straight line through C, unless t e 

is an error m the instrument , ,, 

The clamp can then be loosened and the T piece turned unt 
vernier reads a, exact coincidence being obtained with the tang 
screw after reclamping The arms are then pressed bghtly on 
paper and the line joining the two small punctured holes sho P 
through C and make the required angle a with AB A good 

ment of this class may read to smgle minutes 

(3) By means of a table of tangents Thus if the tangent 

a length ON of n units is measured along AB from the point C (Tig h 



Flo 112 — Vernier Protractor 
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THEODOLITE SURVEYING AND DIALLING 111 

and at the point N a perpendicular is erected, along which a length 
NT = 11 x t is set out 

The point T is then joined to 0, and CT makes an angle a with AB 

at C, because ^^==^^==£==tana. 

ON n 

Usually for convenience n would be some multiple of 10 

Thus in Fig. 113 if a =22°-42', tan a= 4183, so that if ON =10 
inches, NT =4 183 mches 

The method is really one of rectangular co-ordinates, and very 
accurate results can be obtained 
if CN and NT are made of con- 
siderable length. 

(4) By a table of chords 
which gives the value of the 
chord subtended at the cir- 
cumference by various angles 
situated at the centre of a Fia. 113 

circle of unit radius 

Thus to construct an angle of a at the point C in a line AB, if the 
chord of a =c, an arc of any convenient radius CN =n (preferably a 
multiple of 10) is described with C as centre to cut the line AB m N, 
and with N as centre and a radius of nxc, a second arc is described to 
cut the previous one in E. Then the line joining E to C makes the 
required angle a with AB at the pomt C. 

For example, if a in Fig 114 =22°-42', the chord of this angle from 
pubhshed tables is found to be 3936, so that if CN = 10 inches the 
radius NE will be 3 936 inches. Or if CN =20 mches the length NE 
is 7 872 mches. 

It is immaterial what unit of length is employed m settmg out 
CN and NE, provided the same scale is used for each E g. CN might 


*■ t 


/ 

; 


B 

Fig. 114 Fig 115 

represent 100 ft to a scale of a: ft to 1 inch, when NE would represent 
39 36 ft to the same scale 

(5) By the aid of a table of smes Sines are not so convenient for 
direct use as are tangents or chords, though they can be used as 
follows (Fig 115). Let the sme of a =s 

A length CN is measured along the line CB, equal to n where n is 
preferably a multiple of 10. With the middle pomt of CN as centre, 

a semicircle of radius ~ is described to pass through C and N , and 

with N as centre an arc of radius its is described to cut the semicircle m S. 
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Then SO makes the required angle a with AB at C, because the 
angle CSN, being in a semicircle, is a right angle, and 

KS m e . 

, ?F7 r= — =s=sin a. 

AC n 

A table of cosines may be used in a similar manner by describing 
an arc from C =CS 

For example if a =22°-42' as before, sin a - *3859, so that if GN = 
10 units, 2sS = 3 859 units 

Or from a table of cosines, cos a = -9225, so that CS=9 225 unifs 
■when GN = 10. 

An alternative method is to deduce the chord of the angle from the 

table of sines w , 

Thus in Fig. 114 if CP is drawn at right angles to h.E, then the angle 

KCP=the angle PCE=^ 


and 


NP=PE= 


n'/c 


2 


But 


or 


= sin XCP, i e. sm 
nc 

• a 2 c 

* . Bm 2~~n~2’ 

g\ • O- 

c=2 sin^, 


e the chord of an angle is twice the sine of half the angle 
‘ 8 For example, to set out au angle of 22M2' br meaua of a « 
,rl,eii only a table of sines is available, the sine of 11 -21 » 
m -1908, so thnt the chord is 2^-1968 - 3930 os given in meflioJ (4) 

ab °®ere are three main types of survey in vhich the theodolfe i> 

employed : _ 

.( 1 ) A “ Theodolite survey. 

1(2) A Trigonometrical survey. 
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Euclid I. 32, tliat the sum of the interior angles of any plane polygon 
is equal to 

(2N - 4) right angles, 

where N=the number of sides of the polygon. In this case the 
survey becomes a closed traverse (see p 114). 

In addition to these mam angles, it is always advisable to observe 
some others since little extra labour or loss of time is thereby incurred. 

For example, if the instrument is set up at the station B (Fig. 117) 
for the purpose of measuring the angle ABO, it would be advantageous 
to take both the angles ABE and EBC, as most of the time and labour 
is usually spent — not in actually measuring the angles — but m carrying 
the mstrument from one pomt to another, centering, and levelling up. 
The readings may be recorded in several ways : 

(1) In the field notes as Fig 116. 

(2) By means of a small sketch as m Fig 117, drawn on the side 




of the field-book page near the commencement of one of 
the chain lines starting from the mstrument station, e g BC. 

(3) By inserting the figures on the small sketch diagram which is 

usually drawn to show the arrangement of the chain lines 
(see p. 8) 

(4) By arranging in tabular form, the letters of reference bemg 

noted on the sketch plan or m the field notes, e g. 

Z.ABE=44°-21', 

Z.EBC=66°-04', 

BCD = 98°-37 / , 
etc. 

2. Trigonometrical Surveying, m which the highest degree of pre- 
cision is attamed, will be treated m a later chapter. 

3 Traverse Surveying — AJTrayerse Survey consists of a continuous 
series-of Jines .from which offsets may be taken in, the usual_ manner. 
The lengths of the lines are determined by chaining or by any other 
method, and the relative directions of the lines are obtained as described 
later — the use of triangulation with long tie lines being rendered 
unnecessary. 







114 SURVEYING 

Traverses may bo classed into two groups : 

(a) Closed traverses 
\b) Unclosed traverses. 

(а) A Closed Traverse is one in which a complete circuit is made, 
and m which, consequently, the work may be checked and adjusted 
or “ balanced ” Iius particularly, suitable for th$ .determination of 
the boundaries of lakes on.woods across which -tioJmcs. cannot- con- 
veiucntly.be measured — or it may be employed to locate the perimeter 
of any moderately large survey 

The survey may bo complete m itself and quite independent of any 
other observations, c g when a continuous series of lines is taken round 
the boundaries of a wood or lake. In such a case those cumulative 
errors in the linear dimensions which are directly proportional to the 
lengths of the lines are undetected, ns their effect is merely to increase 
or decrease the apparent size of the survey without altering the shape 
or causing any “ closing error.” 

Thus m making a traverse round a lake the work may apparently 
check and “ close ” quite correctly, though any computed lengths or 
areas may he inaccurate, as, for instance, if the length of the chain docs 

not agree exactly with tlic standard . 

Errors in the angular measurements, or errors m but not directly 
proportional to the linear dimensions, may be detected, however, ns 

explained later. , , , , „ , 1 » 

When a traversers no t entir ely jmdependent, -but is - Close 
owing to the fact that it connects two points previously located by 
accurate tnangulation, then the above-mentioned cumula ive err 
inthe linear dimensions may also be detected and adjusted 

Primary surveys are occasionally mnde by means of traverses m 
lieu of tnangulation, but if the countiy is at all suitable, the latte 

method is much to be preferred. . 

(б) An Unclosed Traverse— When a traverse docs not form | 

complete circuit it is said to be unclosed, and as a rule canno 

accurately checked or adjusted. sfrm off 

Such a traverse is useful when the survey of a lon 8 „ n 5 c J 

country, such as the valley of a river or a coast-lme or a lo g « t 

mg ^o3;tn g unclosed traverses may bo 
choked by the determination of the lahtudo ana longitude 
extremity, and possibly of intermediate points, by 
observations: but, needless to say, these determma wns 
results sufficiently accurate to c^^bnyt g or in su ck 


thrimts arc computed from the rate and duration of «« - 
and the angles from rough compass bearings however, with a 

The direction of the traverse may of one 

considerable degree of accuracy if, penodically th d the 

of the hues is determined astronomically (see Chapter XVU ) 
result compared with the traverse data 
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THEODOLITE SURVEYING AND DIALLING 115 $ 

Underground surveys are necessarily almost always traverses — *■ 

either closed or unclosed — and the “ dial ” is very largely used for 
these, though the theodohte is also employed. 

\S^ * 

t 

% 

Methods of Traversing 


The chief methods by which the relative directions of the “ lines ” 
may be obtamed are as follows . 

( 1 ) By cham or tape measurements at the junctions of successive 
lines This method is illustrated m Fig. 118, and needs no 
further explanation. It cannot be rehed upon to give any 
great degree of accuracy. 

(n ) By an independent observation of the magnetic bearing of 
each line — i e by the “ Free or Loose Needle Method ” 

(m) By the measurement of the “included angles” between 
successive lines 

(iv ) By the “ fast ” needle method of determining the bear- 
ings from the true or any arbitrarily assumed 
meridian. 

The Free or Loose Needle Method of Traversmg — In deter- 
mining the magnetic bearing of a line AB with either a dial or 
a theodohte, the instrument is set up at one extremity, A, of 
the line, while the vernier is clamped to comcide with the zero 
of the scale. The hne of 
sight, etc , is then rotated 
about the vertical axis until 
the 360° graduation of the 
scale, or the central division 
of a trough compass, lies 
immediately below the N. * Fig 118 — Cham Traverse 

end of the needle That is 

to say, the hne of sight is directed along the. magnetic meridian, and 
the vernier reads zero. 

The vermer is now unclamped and the hne of sight directed towards 
B, exact coincidence bemg obtamed with the upper clamp and tangent 
screw of a theodohte, or by means of the large racking screw of a dial. 
This motion is recorded by the movement of the vermer over the 
primary scale of the instrument 

Very accurate results cannot of course be expected, as the reading 
of the needle when in the meridian is not made with a vermer. 

When u smg a dial, or a circular box compass of a theodohte, the 
vernier may be dispensed with if desired, and both readings taken 
by observing the reading indicated by the end of the needle : it is 
preferable, however, to use the vermer and read the needle as a 
check 

The “Free or Loose Needle Method” of traversmg especially 
refers to dialling, and consists of the determination of the bearing of 
each hne independently in this way , the results obtamed, however, 
are not generally so accurate as those found by methods (m ) and (iv.). 
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If time is of much importance, a dial survey may be very quickly 
executed by setting up the instrument at alternate stations only, and 
observing the bearings of two lines from each In this case no check 
is possible unless the traverse “ closes,” and any local attraction of the 
needle at a station is undetected 

A preferable method is to set up the instrument at every station, 
and to observe the bearings of both the lines meeting there , m tlus 
way the bearing of each line is determined twice, once from either 
extremity. This procedure enables the local attraction at any par- 
ticular station to be detected and its amount estimated 
A numerical example will explain this 


line 

1 ore Observation 

Hack Ob«m ntlon 

Corrected Bearing 

Distance 
in Links 

Remarks. 

1-2 

24°-37' 

24°-3C' 

21°-3CJ' 



2-3 

48°-13' 

45°-10* 

48°-13' 



3-4 

370 . 27 ' 

t*. 

1 — • 

0 

O 

O 

40°-30' 



4-5 

18°-04' 

17°-32' 

17°-33’ 




In the above table, column (1) gives the designation of the part* 
line • column (2) gives the observed bearing when sighting in a forward 
direction] 1 while Smn (3) gives the observed bearing as deduced from 

s srss 2 jcirara wss® — » 

fr0 Tb^obscr?cd beanng of tic Ine 2-1 Stag® 

tic same hair-line sights as before, would be 204 -36 , and y „ 

subtracting 180” from this reading the beramg of 1 2 i rf ^ (ffl 
24°-3G' This calculation may be omitted and t the g eye to the 
distinguished from that of 2-1) observed by grig ^ 
opposite hair-line fraine to that o s ed fort J S , when 

for forward readings the eye is applied to that ^ while for 

the vernier is at zero and the me of sight m the ^en ^ ^ a 

back readings the eye is appbed ^obtained by reading the opposite 

teiescope an 

is smaU, and the average, » e 24 -36 2 , may o 

value, and entered in coiumu (4) from any local attraction, 

Tf it, is known that station (1) is ire , 48°-13' should be 

M«5S^V«l^rred bom » 
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is, however, only 45°-10', so that the needle is there deflected 3°-03' 
from its true position towards the east. Consequently the forward 
bearing of 3-4 will probably be affected by a like amount, %.e. the 
reading should be 37°-27' + 3°-03' = 40°-30' instead of 37°-27' as 
observed. 

The back bearing of this line 3-4 is found to be 41°-00', so that 
probably at the station (4) local magnetic influences are attracting the 
needle and causing it to deflect about 30' towards the west, and there- 
fore causing the fore observation 4-5 to have too large a value The 
forward bearing of 4-5 then should be 18°-04' - 30' = 17°-34', which 
agrees very nearly with the observed back bearing of 17°-32 / from (5) 
the average I7°-33 / is entered m column (4). Station (5) is thus 
apparently free from any serious local attraction. 

Traversing by the Method of Included Angles. — If the relative 
directions of the lines are to be determined by the measurement of the 
included angles, the procedure is as follows 

Either the true bearing of one of the hues AB is ascertained by 
astronomical observations as explained m Chapter XVII , or the 
magnetic, bearing is found as described above, after which the angles 
between the lrnes are measured independently by the usual methods, 
any angular instrument, such as a theodolite or dial or box sextant, 
bemg used for the purpose. 

^S. e X^bLthcJ3a^^sej_^Qiidncte(yn^jioJmteriClockTvdse4irsQtion 
when the mward ^andes_are_obsfirsLed. IjLa^clockwise.- direction is 
adgpted. th e.ohseryed. angles nre^the out ward angl es, asjhe^pxizontal 
scaleofanordmarv theodolit e or dial is .g raduated in a jsloc kwi se 
direction 

** The method of mcluded angles has the advantages * 

(1) That any error m the line of collimation does not seriously 

affect the results unless the stations are at considerably 
different levels, because the telescope is not transitted as 
m the fast needle method described later ; and, 

(2) The angles can be observed by the process of Repetition to 

any required degree of accuracy within limits, so that this 
method would be adopted m a large survey where a traverse 
is bemg used in lieu of the more usual triangulation method, 
for a primary survey. 

Fast Needle Method of Traversing. — “Fast needle” is a term 
generally confined to Dialling, but the principle is the same when 
applied to a theodohte traverse such as ABCD . . . H (Fig. 119). 

The theodohte is set up and levelled at A, and the bearing of AB 
( = a) ascertained as already described, the bearing of the last line AH 
bemg also noted as a check, if the traverse is “closed,” while the 
instrument is at this station. 

The mstrument is then set up and levelled at the next point B, and, 
with the vernier still clamped at a, the telescope is directed back to A, 
exact coincidence bemg obtained with the lower clamp and tangent 
screw. If the theodolite is of the transit form, the telescope may next 
be rotated through 180° in a vertical plane \i e. transitted), so that 
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■which is the bearing (/3) of BC 
' The process is next repeated by setting up the instrument at C, the 
vernier still reading )3, unfastening tlic lower clamp, sighting back to 
B, rcclampmg and adjusting with the lower tangent screw, and then 
transiting the telescope so that the line of sight is directed towards 
c m BC produced, w hile the vernier still records Then on unclamp- 
tho upper plates and directing the telescope towards the next 

point D, the reading of the vernier 
indicates the bearing (y) of the hne 
CD , it is unnecessary, of course, 
actually to adjust the vernier to 
zero each time, and so to place the 
telescope m the meridian 

By proceeding round all the points 
m turn, eventually the bearing of 
the last hne HA is observed from 
II, and as a check upon the accuracy 
of the work, this (m the case of a 
closed traverse) should be equal to 
the value of the bearing of AH 
taken from A, plus or minus 180 
Whether the traverse is closed or 
unclosed, if a circular box compass is 
attached to the upper vernier plate, 
an approximate check upon e 
annular measurements may be made at any point (eg ) I * ® r flnd 
theodolite lias been levelled, directed to tin ^ ^ 

transited, by turning the instrument “^ont ‘be — ^ end8 rf 
vermer records zero reading, when the , ,, C ompass scale 

compass needle should he over the N graduationof the e P the 

at^altcrnate stations For any Kw fte ne^e^&ei 
vernier reading should agree with that s3 atta ched to 

If the instrument is provided “ S on to its pivot 

the lower or scale plate, then the needle w w division of its 
should lie with its north end exactly above the d t any time 

S; at alternate stations Tbs check may a PP^ ng j? ack to 
after the instrument has been set up and JF®** ■. J a t e g and therefore 
Sc previous station, and as the of ^ 

SES. meridian ano l adjust fte vernier te ^ . the souib 

At the remaining stations tiie in ena ui 
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end of tlic trough, and, the state of equilibrium over the centre division 
of the scale being unstable, no check is afforded. 

In the method of procedure described above it will be noted that 
the telescope is inverted for alternate backward and forward readings, 
so that, if the line of collimation is not exactly at right angles to the 
horizontal transverse axis of the telescope, the “ mward angles ” are 
made tog large and too small alternately. 

Thus, sighting from A to B, the telescope is in its normal position. 


99 


99 


B to A, 
B to 0, 
C to B, 
C toD, 


99 

99 


Etc 


99 


99 


normal 

inverted 

inverted 

normal 


99 

99 


99 


99 

99 


99 

9-9 


If the line of collimation lies slightly to the left of the longitudinal 
axis of the telescope when in its normal position, the deviation bemg 
say 6, then the observed value of the bearing of C is too small by an 
amount 26. This error tends to be neutralised at the following point, 
and the correct bearing of D is obtained. 

The inward angle at B is therefore too small by an amount 29. 

G „ large 

D „ small 

Consequently as the bearings of alternate lines are correct, and 
those of the remamder are 26 too small, then, assuming the lines are 
of approximately equal length, the resulting error m direction over 
the whole distance will be about 6. 

The nature of the total resulting error, i e. the displacement of 
the last pomt of the traverse, may be studied by considering the three 
points BCD. 

Thus let ABCD ... be the true positions of the stations, and 
ABC'D' the determined positions, and let the lengths AB = ^, BC = ? 2 , 
CD=? 3 , etc 

Then as the angle ABC' is less than the true value of the angle 
ABC by an amount 26, therefore Z.CBC'=20. 

But as Z. BC'D' is too large by an amount 26, and C'D' is 
parallel to CD, consequently, as C'D' is assumed to be of the correct 
length CD, CC'-DD'. 

Similarly, BC'=BC, so that CC'=2BC sin | Z.CBC', i.e. 

CO' =DD' = 2L sin 6. 


The additional displacement of the station next but one to D, say 
F, due to the error of 26 in the angles atD and E is 2 l 4 sm 6, and so on, 
so that the final displacement of the last pomt due to this cause may 
be taken as 2 sm 6{l 2 +l 4 + l 6 + . . .), or, if the courses are approxi- 
mately equal, this amount is very roughly equal to L sin 6, where 
L is the total length of the traverse lines 

Sometimes, as an alternate method, 1 the telescope is transitted^ at 
each station immediately before a sight is taken back to the station 

1 In tlus cas3 the trough compass should be correctly oriented at every station 
instead of at alternate stations only. 
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last vacated ; that is to say, the telescope is inverted for each back 
reading, and is m its normal position for each forward reading 
Thus, sighting from A to B, the telescope is m its normal position 
n n B to A, „ „ inverted „ 

,, „ B to C, „ „ normal 

„ „ C to B, „ „ inverted 

„ „ C to D, „ „ normal 

Etc 

Consequently, the error at each station tends m the same direction, 
and in the case assumed the deduced value of each inward angle is 
20 too large, while if the bearing of AB is correct that of BC is 29 too 
large, that of CD is 4 0 too large, and that of DE is GO too large, etc 
The total angular error m a closed traverse of N sides from this cause 
is thus 2N0, and the total displacement of the last point of a closed 
or unclosed traverse is 2 sm 0(/ 2 + / 3 + ? 4 + . ), or approximately 

2L sm 0 

In a closed traverse, lion ever, the total error in the inward angles 
can be deduced from the formula already Btated (p 113), or by a 
comparison of the two observed bearings of the closing line AH , so 
that if the total angular error is divided equally between all the angles 
ns is usual, the portion of the error due to this source will be correctly 
distributed and its effect eliminated 

In the first-mentioned method each angle will be incorrect by an 
amount 20, and though the total error in the angles may be apparently 
zero, a portion of the closing error in length will be due to this cause 
For a closed traverse, consequently, the second method is preferable, 
as the error is cnpable of accurate adjustment „ , , 

For an unclosed traverse conducted by the Fast Needle method 
the first method is preferable, as the distortion, which will probably 
remain undetected, is only half the amount of that produced by the 

sccond^m 0 f a y or Everest instrument, as the telescope cannot he 
transitted it could be lifted from its supports and reversed end for end, 
but this would obviously bo undesirable, and prefcraHy fte mstrum 
would be rotated through 180" in azimuth, as nutated hy 
and readings taken ufon the opposite vernier to that used at the 

previous station , , 

The advantages of the fast needle method are rouehlv 

(1) That the bearings are obtained directly and can je ro ghiy 

checked without any trouble by “7= ?^XEt immrfX 

zssssss *. - 

° l0S (2 d ) The field work is more expeditious, and the £ 

simplified as the third column of included angles (P , ' e( j Averse 
unnecessary because the requisite check of AH ± 180° 

d,al"hr J“LootaNeedle - method or by the “Test Needle 
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method — it is advantageous to employ three tripod stands, which are 
usually of very light construction 

The procedure for a Fast Needle Survey is as follows : 

One of the spare tripods is set up at A, immediately over the first 
station-point of the traverse marked by a peg in the ground, or under a 
fixed mark m the roof of the workings Upon this tripod a lamp is 
placed, and the dial is taken ahead as far as possible to the second 
station B, the position of which is so chosen that the lamp on A is 
clearly visible 

The third tripod is taken still further ahead to the third traverse 
station 0, this pomt being chosen so that a lamp on the dial at B is 
visible. 

There is now one tnpod at A, one at C, and one to which the dial 
is fixed at B 

The vernier is set at the zero of the scale by means of the peg 
in the bottom of the box, and the head of the instrument is rotated 
until the N end of the needle lies exactly over the N graduation of the 
card, and >it is then clamped 

The line of sight will, m consequence, he in the magnetic meridian 
if the station B is free from any local attraction. 

Let the vane which is to the south in this position be s, and let the 
one which is north be n. 

To determine the bearmg of the line BA, the needle having been 
lifted from its pivot to prevent any unnecessary wear, the peg is removed 
from its socket, and the outer part of the instrument rotated by means 
of the large racking screw until the sights sn are directed to A, the 
magnitude of the movement bemg recorded on the vernier 

In order, therefore, to determine the bearmg of AB — which differs 
180° from that of BA, it is only necessary to sight to A with the vanes 
reversed, te to apply the eye to n mstead of to s 

The bearmg (a) of AB having been observed m this way and noted, 
the line of sight is next directed by means of the racking screw to the 
lamp at C, the eye bemg applied to s in this case in order to observe 
the bearmg (jS) of BC. 

The dial is then clamped, detached from the tripod at B, and 
attached to that already standing at C ; the tripod from A is taken 
ahead to a new position D, from which a lamp on the dial at C is 
visible, and a lamp is placed upon this stand at D, and another upon 
that just vacated at B 

While the reading on the vermer still records /3, the dial is oriented 
at C until the line of sight ns is directed to B, with the result that 
the instrument is placed in the same position relative to the magnetic 
meridian that it occupied at B. 

The lower clamp is then fastened, and by means of the large racking 
screw the line of sight sn is rotated until it is directed to D, when 
the bearing y of CD is recorded by the vernier. 

Similarly, the bearings of the remammg lmes are determined, the 
dial being next transferred to D, and the tripod from B taken ahead 
to E, and so on. 
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122 SURVEYING 

A rough check upon the accuracy of the angular measurements 
may be made at any station-point after the dial has been oriented 
provided that there is no local attraction 

This is done simply by lowering the needle on to its pivot so that 
it may swing freely, when the readmg under the N point should agree 
with that of the vernier 

If it is suspected or known that the point B is influenced by some 
local magnetic attraction, the traverse may be commenced from any 
arbitrary meridian, e g the vernier may be fixed at zero while the 
vanes ns arc directed to A. 

The bearing of some one or more lines may be observed later by 
liberating the needle at various intermediate station-points of the 
traverse. 

The lengths of the traverse courses are obtained with a chain or 
tape in the usual manner 

Expeditionary or Route Surveys are generally compass traverses oi 
a more or less rough nature, as often the mam object of the expedition 

is not primarily the production of a map , 

The bearings of the traverse lines may be observed with an ordinary 

compass, or preferably with a prismatic compass 

Ste forward and back beanag of each hue as 

in the loose needle method of dialling, or 

(2) The forward bearing only of each line, or 
3 General observations as to the mean direction of the route, 
, „ V the traverse is not being conducted in straight lines, but patns, 
„ ff ads "or rivers arc belg followed, £ 

forests If the bends arc not very frequent tbe method 

(2) above, but otherwise a number of and a general 
intervals of time, say every 5, 10, 15, or 30 minutes, a b 
idoi of the route deduced from these records rmlte 

In aditon, bearings should, if possible, ha taten along 
to distinctive objects m the distance, as the information th 
materially assists in the final adjustment of the survg- iab i e 

To ascertain that the district is reasonably free from appr^ ^ 
local magnetic influences, the variation of t mp^ detenfflnC d 

tek “ 

of rtS a few of tbe lines and the results compared ^ eMm . 

KKoTlar^S, rut"S'e„°^d to the extre-I 
^Ereq^ntlyf however, the ,nm -£^£££$5* 

rtrSnS^^Xotp^theresultaigenois 

E^Lgely compensator m tlelr “ at ” e- 
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Tlie various methods of determining the distances are : 

(1) By pacmg — in which case the length of pace should be ascer- 
tained by experiment, and checked occasionally, on the level and both 
up and down hill, as there is a natural tendency to shorten the pace 
when proceeding up hill, and to lengthen it down hill. After a consider- 
able amount of practice, a person may teach himself to adopt a moder- 
ately equal length of pace under various circumstances, and attain 
results with a probable error of say ± 1 per cent 

This method is, however, very monotonous for long distances, and 
the liability to error from miscounting is considerable 

The paces of a horse, mule, or other animal may be counted m a 
similar way, the length of pace being ascertained from a number of 
observations taken under different conditions (eg at a gallop, trot, or 
walk on the level or on inclined ground) over known distances. 

(2) By attacking a passometer to the person who is pacmg the 
distances the number of steps is recorded automatically, and this is 
preferable since, the monotony and stram of contmuously counting 
being obviated, the attention of the Surveyor is not so fully occupied, 
and he is free to make observations and notes of the surrounding 
country. 

The passometer is generally of watch form, and may be earned 
in the waistcoat pocket or suspended from one of the buttons. 

The pedometer is a similar contrivance, but graduated to read 
distances directly instead of the number of paces It can be adjusted 
„ to suit different lengths of pace, and is fitted with an arrangement for 
setting to zero, and a screw stop 

(3) By means of a perambulator — sometimes termed a viameter 
or wheel pedometer. This contnvance is similar to a smgle bicycle 
wheel provided with forks and a handle , it is wheeled along the route, 
and the number of revolutions recorded automatically. The distance 
traversed is equal to the number of revolutions multiplied by the 
circumference of the wheel, and this is registered on a counter or dial. 
On rough or hilly country the registered reading is obviously too high, 
and an allowance must be made 

(4) By means of a trocheameter or odometer, attached to the 
wheel of a carriage, cart, wagon, bicycle, etc , the number of revolutions 
is recorded, and from this, knowing the diameter of the wheel, the 
distance traversed may be deduced. There are several other con- 
trivances of a similar nature 

(5) By means of a telemeter as explained in Chapter VIII. 

(6) The distances may be less accurately determined by time 
intervals, % e. the rate of progress is estimated, and the time interval 
between the various instrument observations noted. From this, after 
deductmg for halts, etc , the lengths may be roughly computed. 

In addition to land marches, this method is also applicable to 
journeys by boat along a river or stream. 

The observations are supplemented by sketches and notes of 
features which it is desirable to record. 

If the survey is long, approximate checks may be obtained by 









wc r * 

6 


♦ 




'V 




/ 



V 


» i» 
* 




* 


*» 







t I 




. v- 

•> - /f /M <•’ 

[f>t r 

%AV\ 

«y r ; 

’ -.{vi &\V ' 
<%fc v?£j '' ! 


> 3 ?’ ' '2 ■* 

V’L 

p,;' r, 

itv . 1 

,*■ tl ,. - J 

V'.lj / ? fl 

tt.;r] 

/1r ’ « ! { 

l'& 5- > 




^ s 
* * *?< ■* 


i i » 
* <■ 


\ 2 ? 

' >' ) 


,:! 1 - *» 


124 SURVEYING 

means of astronomical observations of latitude and azimuth, and the 
survey “ balanced ” as explained later similarly if any points en 
route have been otherwise located, a correction may be applied. 

Generally, observations for latitude are not sufficiently refined to 
afford mucli direct check on a traverse, but observations for azimuth 
are very useful. 

Reduction of Field Notes by the Method of Co-ordinates 

To plot a traverse, the bnes may be scaled directly from the field 
notes, and the direction of each fixed by means of a protractor, but a 
preferable procedure is to employ the method of co-ordinates, after 
“ balancing ” or distributing any resultant error over the whole of the 

work 

A convenient form into which the necessary data abstracted from 
the field book may be entered is given m Tables I and II , p. 131 
The angles, if preferred, may be entered directly into these 
columns at the time of observation, instead of into an ordinary field 

b °°Afl previously mentioned, when the fast needle method of traversing 
is adopted, it il not necessary to reduce the vaJues for the third and 
fourth columns of inward angles, as m this case the bea J 

i™th^ur^oHhe a^les'woi^^e^pparmHro^^e companson of this 
of these proves incorrect, the angles are adjusted by 

SSKfcSto eZUuld X— t* *“ tab “ tea as evM,ly 

;; ss-» - 

the E and W hne bearme of 268°-30' is expressed as a 

For sample, a r30 , g 

reduced beanng of S , +-u e y^lues of the reduced b S 

The method of tle mcluded angto «> « te,im (4) ’ 

given m column (6), laDie i , 
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is preferably by the aid of small diagrammatic sketches rather than 
by the application of formulae. 

Thus in Table I , if the inward angle at C is 64°-57', and that at D 
is 211°-30', and the reduced bearing of CD is S 24°-16' E , as m Fig 120, 
then the reduced bearmg of DC is N. 24°-16 / W., and the reduced 
bearing of DE is (211°-30' - 24°-16') - 180°-0' = S 7°-14' W. 

Similarly if the whole circle bearings are observed in the field instead 
of the included angles, the reduced bearmgs can be easily deduced, and 
the included angles calculated by the aid of a sketch such as Fig. 120. 

The bearmgs tabulated in columns (5) and (6) may be (1) actual 
bearmgs computed from the observed azimuth 1 of one of the traverse 
lines, or (2) magnetic bearmgs computed from the observed magnetic 
bearing of one of the lines as described previously, or (3) any arbitrary 
line, e g. one of the long chain lines, may be referred to as a datum. 

Occasionally the magnetic south or the true south is taken as the 
zero, instead of the more usual convention which 
assumes the northerly direction to be zero. 

Consecutive Co-ordinates — In the first mstance, 
the co-ordinates of each point are calculated with 
reference to the point immediately preceding it ; 
i e the resolved components parallel and at right 
angles to the meridian are computed for each fine 
taken m order round the polygon. These distances, 
or consecutive co-ordinates, are termed Northings, 

Southings, Eastings, or Westings, though some- 
times the terms Latitudes and Departures are 
employed, 

A Northing being a +Latitude, 

A Southing bemg a -Latitude, 

An Easting bemg a -{-Departure, 

A Westing being a -Departure 

This notation is to be preferred when a “meridian ” 
other than the true or the magnetic meridian is assumed as a datum. 

It is easily seen then that the magnitude of any particular latitude 
is obtained by multiplying the length of the traverse line to which it 
refers, by the cosine of its reduced bearing, while the departure is 
similarly calculated from the sine of the angle 

Example — The lme CD in Table X has a length of 206 4 ft , and a reduced 
beanng of S 24°-lG' E 

The Southing is 290 4 x cos 24°-lG , =270 2 (by logarithms) 

The Easting is 296 4x sm 24°-lG'= 121 S (by logarithms). 

In the alternative notation the Latitude of D from C is -2iOZ, ami tne 
Departure is + 121 S 

Error of Closure — It is now apparent that when the co-ordinates 
of each point have been determined with reference to the preceding 
point, and a complete circuit has been made, if the work is concc , 
the sum of the Northings wall equal fcho'sc of the Soutlungs, and tne 
sum of the Eastings will equal those of the V estings. 

1 Sec Cnaj.lcr XVII 
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126 SURVEYING 

If not, the discrepancy gives nliat is known as the “closing error” 
or “ error of closure ” 

In the particular example m Table I the Southmgs exceed the 
Northings by 1*3, and the Westing s exceed the Eastings by 1 2, so 
that the resultant error is */l*3 2 + 1 2 2 = 1 77 ft , as shown in Fig 121, 
where A is the initial pomt and A x the point at which the circuit 
finishes. 

Tlus error is usually expressed as the fraction 

displacement = 177 = _1_ nearI 
perimeter of traverse 3464 6 2000 

The maximum allowable value of this fraction of course depends 
upon the instruments available, and upon the scale to which the 

survey is to be plotted , 

It may be noted that any jsmalLinaccuracy in the length of the 
cham itself will practicall y hav e nojeffeqt uponjhe closing error, _as 
cumulative errors of this land merely enlarge the 
figure as a whole in the proportion that the actual 
■“ length of the cham bears to the true length 

If, however, the traverse is bemg conducted 
aA between two pomts previously determined by 
A / ■ tnangulation or other means, then cumulative 
\y as well as compensating errors have effect, a 
/ j" the allowable error should be larger than in 

— y. I former case . .. , „ „ 

A, 1 2 The bearmg of the closing error AA X above is 


itf 


Fig 121 


S tan- 1 44 W * e S 42°-42V W 

1 o 


It is generally desirable that the closing enor-wh^although 
within the aUowable limit, may be an appreciable amo^t-sh 
To distributed through the whole of 

as little apparent upon the plan as possible T P® me thods 
° s 

observed angles (unless certain angles are judged to be mor 

err< The consecutive co-ordinates are then doMue*®^ 

W hen“ Will usually be found tint there is still an error ot 

“ b te 0 rf ike following further methods would then be adopted te 

complete the adjustment of the observatioi “ error of closure” found 
2 Bowditch’s rule for distributing the e an d Westings 

a fter comparing the Northings and Southings Eastogs an ^ 
of^he°cimseeutive co-ordinates — t at ^ 

dimensions are proportional to Jl, wnere i 

i See p 39 and Appendix II 
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and that errors in angular measurements are inversely proportional 
to mJI, an assumption which may not be altogether justified. Bow- 
ditch then proved mathematically (see p 130) that under con- 
ditions which render it probable that the angles and lines are 
equally liable to error, the most probable distribution of the error 
is obtained by making the corrections for latitudes and departures 
each proportional to the length of the traverse lines {vide below), 
eg if Y be the total closmg error m latitude (or departure), L the 
total perimeter of the traverse, and l v Z 2 . . . the lengths of the 
respective hnes, the corrections to be applied to the calculated latitudes 

(or departures) are, Y^, Y£ # # . the sign in each case bemg such as 
to dimmish the error. 

Thus m Tables I and II the sum of the Southings is found to exceed 
the sum of the Northings by 1 3 ft. The correction to be apphed to 

AB is therefore x 1 3 = 0 4 

3464 o 

nearly, and this is added to the 
Northmgl080 0, giving a corrected 
consecutive co-ordinate of 1080 4 
Similarly the correction for 

DE is x 1 3 = 0 3 nearly 

3464 6 

and this is to be deducted from 
the Southing 713*1, giving a cor- 
rected value of 712 8 

The corrections may be quickly 
calculated with a shde rule, as 
this is sufficiently accurate for 
the purpose 

3 For a rough survey such as that made with a prismatic compass 
and pacmg, the above method of correction maybe apphed graphically. 

Thus let ABCDAj (Fig. 122) be the uncorrected plan of a closed 
traverse, plotted directly from the field notes, and let the closmg error 
be AA V 

To any convement scale — not necessarily that of the traverse 
itself — measure off along a straight line A' A" consecutive distances 
A'B', B'C', C'D', D'A", to represent the sides of the traverse 

From A" draw A 'V parallel and equal to the closmg error A X A 
(Fig 122). Jom A V, and through B'C'D' . . . draw a series of hues 
parallel to A'V, cuttmg A 'a ' m b'c'd' . . . 

The mtercepts B'6', C'c', DV, A'V are then the corrections in 
magnitude and direction to be apphed at the points BCDAj 

Through BCD draw short rays parallel to AA 1} and measure 
off along them distances B6, Cc, D d, A X A equal to B V, C'c', 
D'd', A'V respectively giving AbcdA as the adjusted plan of the 
traverse. 

4 Generally speaking, the angles of a theodohte traverse are 
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respective lme^nrTJ ^ * latlt ^ c “ Y > and the latitudes of the 
f l ^ nes are y lt ?/ 2 , y 3 . . while the sum of the latitudes is 2v 
t!.e corrections to bo applied to the various latitudes m ,s ** 

Viy y*Y 
Ey * S, • • 

= 1090 8+ moB-lm 8 latltud0 (TabI ° 1 } ,s V3, wMo tbe Bam ofthe ht,tudeB 
Tho correction to bo applied to the line FA is therefore 

100 7 


2180 3 


x 13=01 


approximately, Tthioh makes the corrected Southing 100 6 (Table H ) 

ii n S ’ miarl y> in , T ^ lc r ' r the total error in dcparturcs=l 7, while the total of 
the Eastings and Westings is 2314 1, so that tho correction for AB is 

7G43 -t17-06 
2314 1 ° 

making the Easting for AB=704 9 (Table VI ) 

5 The “ Axis ” method 1 preserves the general shape of the figure 
by applying all the corrections to the sides of the' traverse and leaving 
the angles unaltered 

Thus let ABCDEFAj (Fig 123) be the uncorrected plan of a closed 
traverse, and let the closing error be A A j 

J om AAj If this line when produced does not cut the figure into 
two nearly equal parts, the error is transferred to some other point, 
say G 1} by drawing A.B, parallel and equal to AB, and B.C, parallel 
and equal to BC, etc 

The figure CjDEFAjBjCj is now the uncorrected traverse and CG 1 
the closing error, and the line CCj produced to m divides the polygon 
into two moderately equal portions 

The line CCj is divided at c 2 in the ratio of the perimeter of one 
portion to the perimeter of the remamder (exclusive of Cm), t.e 

Ccg CD + DE + Ewi 

CgCj wiF + FAj + AjBi + BjCj 

The point c 2 is determined from this equation and its position 
plotted on CC l5 and lines are then lightly drawn from m to D, Aj, 

Bi . . . 

From Cg-Cgdg 1S drawn parallel to CD to cut mD m a 2 , 
and ,, »» m ^2 « 

Similarly, from c 2 -c 2 b 2 is drawn parallel to C 1 B 1 to cut wBj in o>> 

l from b 2 -b 2 a 2 „ „ B,Aj „ 

„ AjF „ mFinf*. 


and from 
and from 


u 2 -u 2 u 2 

a 2~ a 2$2 


1 Vide A Treatise on Surveying, Middleton and Chadwick, vol 1 
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The figure a 2 b 2 c 2 do . . . f 2 a 2 is then the adjusted traverse, the one 
portion being slightly enlarged in the ratio , and the other reduced 
mc 

in the ratio — ~r, from the derived field observations. 
mC 

If required, the lengths CD, DE, E»i can be mathematically adjusted 

QitC 071 C 

m the ratio and the hues niF, FA, AB, BC in the ratio the 

new values being substituted in the traverse table and the co-ordinates 
calculated as already explained 

Independent Co-ordinates. — After the survey has been balanced 
so that the sum of the Northings is equal to that of the Southings, 
and the sum of the Eastings is equal to that of the Westings, t e after 
the closing error, instead of being concentrated at (say) A, is distri- 



buted throughout the whole of the traverse, the next step is to calculate 
the “ Independent Co-ordinates ” 

As already stated, the consecutive co-ordinates of any point are 
the distances measured from the preceding pomt m directions parallel 
and at right angles to the assumed meridian or datum line. 

Thus m Table III the pomt B is 1080 6 ft N and 9 ft E. of A ; 
while C is 9 5 ft N. and 694 6 ft W. of B ; C is 270 0 ft. S. and 121 9 ft 
E ofB; and so on. 

If the survey is plotted from these figures, the accuracy of the 
position of each point upon the plan evidently depends upon the 
accuracy with which the previous points are plotted , so that even 
although no large mistake is made at any pomt, the final pomts may 
still be displaced to a considerable extent from their true positions, on 
account of the accumulation of small and possibly unavoidable errors 
m scaling, etc 

In order to obviate this, the co-ordinates of each point are calculated 
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130 SURVEYING 

with reference to one common origin, eg A, and each pomt may then 
be plotted quite mdependently of any other station. 

Example — In Table III , as B is 1080 6 ft N of A and 0 is 9 5 ft. N of B, C 
is 1080 6+9 5 = 1090 1 ft N of A 

Then as D is 270 0 ft S of C, its independent latitude is 1090 1-2700, te. 
820 1 ft N of A. 

Similarly with the departures, as B is 9 ft E of A and C is 694 6 ft W of B, 
C is 694 6- 9=693 7 ft W of A, and is booked as shown The independent 
departure of D is in the same way 693 7— 121 9=571 8 ft W of A 

As the last pomt of a closed traverse is identical with the first point, 
its mdependent co-ordinates should be zero, and this fact consequently 
affords a check upon the correctness of the numerical calculations 
involved in the preparation of the mdependent from the consecutive 

co-ordinates. , , 

By the aid of the table of mdependent co-ordinates prepared and 

checked in this manner each station-pomt may be plotted from two 
rectangular axes which pass through the initial pomt A, and the 
accuracy of the drawing may be checked by noting whether the scaled 
distances between consecutive points agree substantially with the 
chainage values given in the field book and tabulated in column ( ) 

A little discrepancy is unavoidable, if the survey has been adjusted, 
on account of the distribution of the closmg error, but any lar e e 

mlS ^ie e offsets, fcakenflLd Wke<f mtlmmanner described w Chapter I , 

the positions of various points on other sheets than toat whic ca 
the origin may be calculated mathematically and P lott ed by “ean^ 
co-ordmates referred to the margin hues as axes 
which might occur in measuring across the ^tervenmg ^ d t]j 
eliminated, and any one sheet may be completed quite mdepen 

of any other. 

Derivation of Bowditch s Buie. 

Let 1 1, represent 

ana. U » . .InnnrfnreS. 


Let 3/j ®2 
VlV2 

a l a 2 
% ea 
Cl 

X 

Y 

Then 


l/UV ***w»w — - — 

the calculated departures, 
the calculated latitudes, 
the calculated reduced bearings, 
the corrections in departures, 
the corrections in latitudes, 
the total error m departure, 
the total error m latitude 

y 1 = li sm a, 


0 „d the small error Sy, m y t due to a small error 81, m I, » 

8y 1 =$l 1 sm a lf 

and that due to a small error 8a, m a l7 

= h cosaiSaj 
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THEODOLITE SURVEYING AND DIALLING 131 
Combining both these errors in y x due to errors in ^ and a, we get 
hj 1 = V (SZj sm aj) 2 + (Z a cos . . . (1) 

It is assumed that the displacement due to a probable error in 
the length ^ is equal to the displacement due to a probable error Ba x 
in the bearing a l3 i.e. 

— 1 X S a l3 

and it is also assumed that the error SZj in the length of the line is 
proportional to y/l (vide Chapter I ), i.e. 

8 ^ = 0 Jk. 

Then by substitution in (1) the probable error 

sm 2 a x + C\ cos 2 a x 


Similarly the probable error in %=C- V /Z 1 . 

The most probable corrections will then be those which make the 


expressions 

(^) 2+ (w) 2+ (wJ + • • • mmuiram ’ 

• (2) 

and 

(£$ + (£r) 2+ (£0 2+ ■ ■ ■ 

• ( 3 ) 

or writing 

hi • • 



§j 1 + g\ + c\ + • • • - a mmmmn - • 

. (2a) 

and 

e, 2 e, 2 eo 2 

wh* m 2 + &i, + ■■■ =a • 

. (3a) 


By differentiation of (2a) — the constants 2 in the numerator and C 
in the denominator being eliminated — we get 

£j*fol I CndC2 J_ Cgdc 3 _ n ... 

hhk • ° V 

But CI+C 2 +CQ+ . . . =Y, 

on differentiation dc 1 + dc i +dc 3 + ... —0. . . (5) 

Now the expressions (4) and (5) are true whatever the number of 
sides — if the original assumptions are true, 

. °i _ °2 _ C 3 _ 

”h k 

i e the corrections in latitude are proportional to the lengths of the 
sides, and 

c 1 = 'lT 1 c a -^Y, c 3 = jfT, etc. . 


( 6 ) 
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Similarly for departures, by tbe differentiation of equation ( 3 a), 

e i _ ^2 _ ^3 _ 

?1 l 2 £3 

so that tbe corrections in departure are also proportional to tbe lengths 
of tbe sides, and 

e 1 =^X, e 2 =j?X, e 3 = j?X, etc . ( 7 ) 

Rule 4 , m wbicb tbe corrections are taken as bemg proportional to 
tbe lengths of tbe latitudes and departures, % e 

y. - a *-§*.«*. 

may best be considered as an empirical modification of Bowditchs 
rule for cases when the error in a is very small, and tbe bulk of the 
error is m l z , etc. 

Comparison between Bowditch’s Method and Method 4. 

(а) Firstly, consider a traverse the lines of which be along and at 

right angles to tbe axes of co-ordinates 

The correction of an error in latitude by Bowditchs method 

affects all tbe bnes and angles in tbe traverse 

The correction of the same error by method 4 only affects lines \ m 
the direction of the error (i e N and S.)-because the hn« at right 
angles to these have no latitudes , the angles are not affected 

Similarly, by the correction of an error m departure, the angles ar 
affected if Bowditch’s method is applied, and unaltered if met 

^follows, then, that as the actual closing 2 

the two co-ordinate errors, the balancing by B fr o.in.n cmg 

apt to distort the angles from 111. ■ 

by method 4 produces no angular dmtortion-pro^de ^ q{ cq _ 
the traverse he exactly along and at right angl 

ordinates 0 „„_ 0 + 11TnP a S o that the hnes 

(б) Secondly, consider a similar traverse turn 

he at 45° to the axes of co-ordinates m departure, 

The corrections for an error m latitude, or : for _ err^ ^ tw0 

and therefore for any error, are “ ow , f ® ™ e L^ latitude " ntl “ cl ‘ 
methode of haloing re employed, ^ ^ lt 

departure hears the constant ratio of ^ t ^ 

refers, and the sum of the latitudes or the sum of th 

bearsthesame ratio to the sum of the hues 

Hence the angular distortion produced . evidently 

W methcd 4 produces no angular distort.cn, 
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and in tlie other limiting case (6) it produces exactly the same angular 
distortion as Bowditch’s method. 

In any general case, then, the amount of angular distortion must he 
somewhere between these extreme limits, and method 4 will usually 
give less angular distortion than Bowditch’s method — particularly if 
the axes of co-ordinates are so chosen as to be approximately along and 
at right angles to the mam lines of the traverse 

Bowditch’s method is particularly applicable to the case of a 
compass traverse, when the angles are liable to considerable error. 
Method 4 is particularly applicable to the case of a theodohte traverse, 
when very little error might be expected in the angles m comparison 
with that m the sides. 

Example — Tables I to X. show the calculations of a traverse based on an 
actual survey The data obtained in the field are shown in italics m Tables I. 
and IV. 

In the former case the axes of co-ordinates are taken approximately parallel 
and at right angles to the mam lines of the traverse . m the latter case they are 
taken inclined at about 45° to the mam hues of the traverse 

For an ordinary compass survey only Tables I. and II. or IV. and V. 
would be used, while for an ordinary transit traverse only Tables I and HI or 
IV. and V. would be necessary In any of these cases the two tables used could 
be combmed into one large table 

The remaining tables are given here merely to analyse the nature of the 
corrections that have been apphed. 

In Table VII are given, for the four cases, the values of the Reduced Bearings 
and of the Included Angles after balancmg, and in Table VTTT are the adjusted 
lengths of the lines 

In Table IX are given for the four cases (a) the alterations m the reduced 
hearings of the various lines and (6) the alterations in the included angles 

Thus the results from Tables I -II and IV -V. m Table IX. show that the 
corrections by Bowditch’s method have more effect upon the bearings of the 
lines and upon the mcluded angles than have the corrections by method 4 

Column (3) shows that method 4, when the lines are approximately parallel and 
at right angles to the axes of co-ordinates, gives the least alteration to the bearings, 
though m this particular example, owing to the corrections m column (5) neutralis- 
ing one another to some extent, the actual angular distortion of the mcluded 
angles is rather less v hen the axes are inclined approximately at 45° to the main 
lines of the traverse (see column (9)). 

In Table X are given the variations on the measured lengths These 
results indicate that method 4 affects the lmear measurements more than does 
Bowditch’s method, and that when the axes are inclined at about 45° to the mam 
lines of the traverse there is very little difference between the two methods. 
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Table IV. 

When the axes of co-ordinates are approximately at 45° to the main 

traverse lmes 


— 

Line 

Length 

Inward 

Angle 

Corrected 

Inward 

Angle 

Bear- 

ing 

Seduced 

Bearmg 

Consecuthe Co-ordinates 

N 

S. 

E 

IV 

AB 

mo 

7G°-03' 

76°-03' 

45° -OS' 

N 45°-03' E 

763 0 


764 3 


BC 

695 2 

90°~55’ 

90°-44’ 


N 44°-13' W 

498 2 



484 8 

CD 

296 U 

6/,°-57’ 

64°-57' 


S 20°-44'IV 


277 2 


104 9 

DE 

7 IS S 

2ir-2V 

211°-30' 


S 52°-14'W 


440 2 


568 2 

EP 

258 

84°-17' 

St 0 -!?' 


S 43°-29'E 


187 2 

177 5 


PA 

JUG 2 

192° -SS 1 

192°-29' 


S 31°-00'E 


356 8 

214 4 


Sum 

3464 G 

719°-57' 

720°-00' 

• 


12612 

12614 

1156 2 

1157 9 


> ' ' , — 

Sum . 2522 6 2314 1 

Diff . . 0 2 17 


Table V. 

(Bowditch’s Method ) 

When the axes of co-ordinates are approximately at 45° to the main 

traverse lines 


Line 

Corrections 

Corrected Consecutive Co-ordinates 

Independent Co-ordinates 












If &S 

E d-W 

If 

S 

E 

IV 

If 

S 

E 

IV 

AB 

1 

6 

7631 


764 8 


7631 

• • 

764 8 


BC 

1 

3 

498 3 



484 5 

12614 

• 

280 3 


CD 

• • 

2 


277 2 


104 7 

984 2 


175 6 

• 

DE 

• 

4 


440 2 


567 8 

544 0 


♦ 

392 2 

EP 


1 


187 2 

177 0 


35G8 



214-6 

PA 


2 


356 8 

214 0 


00 



00 

Sum 

2 

17 

12614 

12614 

1157 0 

1157 0 
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Table VL 


(Method 4 ) 

When the axes of co-ordinates are approximately at 45° to the mam 

traverse lines 


r 

' . 


Corrections 

Corrected Consccutii e Co-ordinates 

Independent Co-ordin 

ntcs 













/ 

t 


N &S 

E <LIV 

If 

S 

E 

IV 

If. 

S 

E 

IV. 

in 

*' 

AB 

1 

6 

7631 


764 9 


763 1 


764 0 

* 

' l 

BC 


3 

498 2 



484 5 

1261 3 

• 

280 4 


f 

CD 


1 


277 2 


104 8 

984 1 

« . 

175 0 



DE 

1 

4 


440 1 


507 8 

544 0 


• • 

302 2 


EF 


1 


187 2 

177 0 


356 S 

• 


214 0 

f 

PA 

• 

2 


356 8 

214 0 


00 

- 

• 

0 0 

' C 

» < 

Sum 

n 

17 

12613 

12013 

11571 

11571 
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Table YU 


Line 

Tables I -IL 

Tables 1 -HI 

Tables IV -V 

Tables IV VI 

EB 

IA 

EB 

IA 

EB 

IA 

BB 

IA 

AB 

BC 

CD 

DE 

EF 

FA 

N 0*-4' E 

A" 89’-ll' W 

S 24*-17' E 

S 7 -13' W 

S 88'-31'E 

S 70*-01'E 

76 -05’ 
90 -45’ 
64*-54 
211*-30 
84*-16' 
192’-30 

N 0‘-3' E 

K 89’-13' W 

S 24--18'E 

S 7*-14' W 

S 88 -29 E 

S 70*-01'E 

76*-04' 

00’-44' 

P4’-55' 

211 , -32' 

84’-17' 

192’-28' 

If 45*-04'E 

K 44*-12' W 

S 20’-42' W 

S 52*-13' W 

S 43’-30 E 

S SE-Ol'E 

76 05' 
90-44' 
64* 54' 
211 -31' 
84*-17’ 
192*-2D 

K 45*04 E 

N 44*-12 AN 

S 20 -43 IV 

S 52*-13 vr 

S 43’ 30’S 

s sr-oi' l 

75-Oj 
B0*-44 
64* 55 
211 -30' 
84 17 
192 27 



Table VIH 




Adjusted Lengths 

Line 

Length 

Tables 

i-n 

Tables 

i-ni 

Tables 

IV -V 

Tables 

IV -VI 

AB 

BC 

CD 

DE 

EF 

FA 

1080 0 

605 2 

296 4 

718 8 

258 0 

416 2 

1080 4 

695 0 

298 4 

718 5 
2581 

416 2 

1080 6 

694 7 

296 3 

718 4 

258 2 

416 4 

1080 4 

695 0 

296 3 

718 5 

258 0 

416 4 

10S0 5 

694 0 

296 4 
7184 

258 0 

416 4 


Table IX. 



Variations in Minutes from Original 
Deduced Bearings 

Variations in Minutes from Original 
Included Angles 

Line 

Tables 

Ta 

bles 


I -II 

I-IIL 

IV -V 

IV -V 7 ! 

i-n 

I -III 

IV -V 

IV -VI 

AB 

BO 

CD 

DE 

EF 

FA 

1 

2 

1 

1 

0 

1 

0 

0 

2 

0 

0 

1 

1 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

+2 
+1 
— 3 

0 

-1 
+ 1 

+ 1 

0 
o 

+2 

0 

-1 

+2 

0 

-3 

+1 

0 

0 

T- 

0 

_o 

0 

0 

0 

Numerical 

Sum 

6 

3 

7 

6 

8 

6 

6 

4 
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The Area enclosed by the traverse lines may be calculated by the 
application of formula (14) p 36, Chapter I , i.e. 


Area 


= y^2+i rL _ 


(h ~ h)‘ 


From the Independent and Corrected consecutive Co-ordinates in 
Table II 


-(692 3 x 9*8) =6784 
1265-3 x 270-1 = 

1233 6 x 712 8 = 

1065 8 x 6 7 = 

403 9 x 100 6 = 

13 xl080 4 = 

6784~ 


341,758 

879,310 

7,140 

40,632 

1,404 

1,270,244 

6,784 


2 )1,263,460 

631,730 square links 

=63*17 square chains 
= 6 317 acres 

T l ble ? n l* V ' 5 and VI * ^ ield practically identic! 
an acre ^ lffenn ^ iess tb an one ^t i 11 the third decimal place c 

assumed ” ° f ® bservations *~- In the foregoing pages it has bee: 

shouW Wk Sp6Cial r ? as0n exists a ^y particular hne or angl 
should be either more or less accurate than another. 8 

it fr° m the particular circumstances of a case 

LZ J ttn Thl ere Af at certam measuremeil ts are more liable t 
ABOD thers of the same nature For mstance, if m a travers 

to be & ^ n s -, ldes tlie total error m the angles is fourn 

and it was ^ a \ tIie pomt G ™t visible from B and D 
above themoS&en S *° t P ? i fL°?, a Iod , at 80me hM ® *stanc 

as aeouratf AstS A, a E .^ *“ at B “ d D 

but supB^wfe 01 aocurao 7 “ Purely a question of judgment 
the ,i at B on? n y ° r I . de0ldeS that the probability of error ii 
tie Smt an»)« 2“* ““ 18 K tlm88 ™ each o 

before balan^ngf Ti^TL of l 8 ’ B 

“ ‘ 0taI ° f » + 2(K- 1) The error'is ta’di^ed among tb 
g es so that A, C, E . . . N each receive a correction of ~ ^ ^ q 

hile B and D each receive a correction of - ^ n 

Emm w+2(K-iy* 

be ^. ch &k» ^a°Mo to n e CToJ a M C D W 3 ’ aud B and D are assumed & 

* * 3 = 1'TSng oil? an5 therefore i x3 ’=30', and for B and D an 
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Similarly, if in balancing a survey by (say) method 4 it is judged 
that certain of the sides are more liable to error than others— for 
instance, on account of the greater difficulty or roughness of the ground 
— then those dimensions may be “ weighted ” if desired 

Thus let e be the closing error in latitude, and let the calculated 
unbalanced latitudes of the various lines be y lt y z , y z , y 4 <t n 
Some one line (c g ? 4 ) is then taken as a standard of difficulty and 
the remainder are weighted accordingly Thus suppose the chance of 
error m is considered to be K times as great as m / 4 . and that m 1 3 
as K' times as great, then the total weighted sum of the latitudes 

and the corrections to be applied are 

-pk eto&.-Ja-.etoys, ~^ 3 
s^io Miv> ^y ,D 


l Ini 


e to ?/ 3 , etc. 


The departures may be balanced in the same way. 

Example —If m Tables L and II. it is considered tlmt DE is three linirs ns 
liabheToerror as tho remaining courses, the total weighted sum of the Northing 
= 1089 5 and of the Southings 1090 S+2x 713 1=2517 0, making a total for the 

latitudes of 3606 5 


for AB is then 

1080 j 3s= 4 

3606 5 

CD „ 

2702 *i3_ 1 
3606 5 

DE „ 

3x 7131 v13ss8 
3606 5 

FA „ 

100 -xl3=0 
3606 5 


Total 


13 


the corrections for BC and EF both being negligible 
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methods, or cou^e, defined object*-^ 

“ffiK3K525SS^^.S^i; 

j w means of a protractor, and, aa a cl* , j ( j im concurrent 

uf number) taken towards the « «< ‘^'Ztorj, « “ 

, Tl r ££? M the juntos o F f the pomts he aa, 
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• tulfirp 3 ' 


» 1 

« 


* { 

1 A 


jfr ^ 


* 


-V 


X 


* 





THEODOLITE SURVEYING AND DIALLING 139 

respectively, and let tlie bearings of 0 from A, B, and C be a, p, and y 
respectively. 

Then if the angles a and jS are in th e quadrants indicated in Fig 124, 



X=cr+AO sin a =6 — BO sin /I 

• (1) 


Y=n 1 +AO cos a=6 1 + B0 cos p 

. (2) 

« 

• • 

An _& -a -BO sin )S_6 1 -a 1 + BO cos P 
sin a cos a * 


from which 

■pn _ (b ~ <0 cos a - (6 t - %) sin a 
sm (a+p) 

• (3) 

Similarly, 

An — ( a ~&) cos P + ( a i~bi) sin p 
sm (a+P) 

• (4) 


Fig 124 


X and Y may now be found from equations (1) and (2) 

Similarly, by using the co-ordinates aa^ and cc^ and the bear- 
ings a and y, AO and CO can 
be calculated and co-ordinates 
Xj and Yj computed. These « — x — 3 ^? 

should, of course, be identical with ^ / 

the values X and Y obtained * — * f \ — 

from A and B — or at any rate * yf • 

the discrepancy should be small. T ^ s' \ I 

(2) A more complete check is J J/ l c z 

afforded if observations are also / i 

taken from the observed point, a + J I ! 

to the selected traverse station- ^ x ~ x 1 * -x 

points In this case a number Fig 124 

of triangles or small polygons are 

ormed, and as all the included angles may be calculated from the 
observations, the sum may be checked. It is only necessary here to 

o serve any particular object from two traverse points, instead of from 
three as above 

(3) When the pomt 0 observed from the traverse points is not 
sm a le for an instrument station — e g when a spire or a tree is bisected 

a satellite station S may be employed The selected traverse stations 
re observed from S, and the observations reduced to 0 as follows. 

■, i. ^ an< * ® 125) be two points on the traverse whose co- 

len^hof BeT ^ an< ^ e> B ' res P ec ^ ve ^y» 80 that the calculated 

= \/(b -e) 2 + ( b ' - e') 2 = ^ say, 
the bearing of E from B 

— 180° + tan -1 p — ^ = fS say, 

and the bearmg of B from E 

=tan _1 ~ — — = a sav. 


b'-e 


= a say. 


f . < 
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Let the bearing of 0 from B =6 and from E=<£ 

And as 0 is assumed unsuit- 
\ able for an instrument station 

y v .g let S be the “satellite station”— 

■5/y g ie any suitable pomt near 0 

//'• at which the instrument is set 

/ ! i \Y up 

C( / * \\/ a The distance SO is measured 

/ V\Zj with a tape = ? 2 say, and the angles 

\ \ OSE = y and OSB=8 determmed 

Li' \a\ P 1 l n the same way if more than two 

/ \ \l traverse pomts are to be obsened 

**/ J \j) from S, the vanous angles may be 

■ . T VS observed as bearings from SO (say), 

and, if necessary, subtracted from 
\ 360° 

: \ Ito 125. — Satellite Station In tie tangle EBO tie length 

• ' EB = lx and the two angles EBO = 

p_g an d BEO =<f>-a are known, so that, if the work is correct 

Z. EOB = 180 - (0 - 0) - - a) = A' say, . • 0) 

end B0-L^5)-l 3S ay, 

and nJjSJfcS-l.MT 

Now in the tnangle BSO, SO =f 2 , BO=7 3 , and ZBSO=8, 
the angle SBO=sin _1 f sm 8=w say, 

*3 

and similarly, ^SEO-sin-^ smy=esny. 

Then from tie figure 0,OE=sumof tW 

= £ + y and OjOB = sum of mtenor and opposite ang 

by subtraction (2) 

OjOE- O x OB=A = € +y-ai-o 

If to value of A agrees with that A' •^‘“TfiST 'ft 

ria o t^"“ te ; 

E TiS™-TSe S St 4 o7i small error .u the hue of «•■*" " 
been Sioued m the previous pages 
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An attempt will now be made to discuss briefly the effects of small 
errors m tbe lmear and angular measurements. 

Whether tbe angles of the traverse are measured directly by the 
method of included angles, or by the fast needle method, they are 
hable to small errors due to inaccuracies of centering, bisecting, reading, 
etc. 

Let the p.e. of each angle be ± 0 say. 

Then if the bearing a x of the first lme AB (Fig 126) is determined 
from the meridian, an error of ± 0 will displace B an amount ± AB 0 
All the remaining lines will 
be twisted through this same 
angle, and the displacement of 
C- ±AC.0, of D = ± AD . 0, 
and of the last point N of 
the traverse, the displacement 
« ± AN . 0. Fm 126 

Thus if the traverse is 

closed A and N coincide and there is no displacement of N due to 
this error in a x . An error of 0 in will similarly twist all the 
re mainin g points relatively to AB, and the last point N will be 
displaced an amount ± 0 . BN. Similarly an error in 03 at C displaces 
N an amount = ± GN . 0. 

The total displacement of N that might be expected would therefore 
be 

±0 x /AN 2 + BN 2 + CN 2 + . . . 



If the traverse is unclosed, and in nearly a straight line, the dis- 
placement of the last pomt would be 

± 0 vV + (!«. + ^n-x) 2 + • • • + {In 2 + • • ^l) 2 * 

Thus if the lengths are approximately equal the probable dis- 
placement 

± 61 ! n n + ^ 

\l 6 

Again, if X and Y are the co-ordinates of the various stations with 
reference to N as origin, and j8 is the inclination or reduced bearing 
of a hne AN, BN, etc , so that X = AN sin /?, 


then SXj = AN cos j8Sj8 = YS£, 


. . the probable error in departure 

8 X x = ±0 n /Y 1 2 +Y 2 2 + . . . 

and similarly the p.e. m latitude 

SY X = ±0 n /X 1 2 +X 2 2 + 777 

The error in the linear measurements is composed of two portions, 
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as explained in Chapter I. — a cumulative error, and a compensating 
error. 

The cumulative error will be proportional to l, 1 e of the form cj, 
and m any particular traverse will be always + or always - . 

The error in latitude due to this cause will therefore be 


8 Y 0 = c 2 (Vi+y* + . y n ), 
and the error in departure 

8Xg — Cg + ®2 "t • • ®n)j 

where (% may be either + w or -”, and x x and y 1 . . . are 
consecutive co-ordmates 

If the traverse is “ closed,” + y z + = 0, and Xj+^ 2 + . . = 0 , 

so that the error of closure due to this source would be ml 

In an unclosed traverse the displacement of the final point v, ould be 

•J (SY 2 ) 2 + (SXg)“ . 

The compensating error may be assumed proportional to s/T,ie 
Ci i>Jl say. y 

The p e. m latitude m any given line will thus be ±c i ^ * 

and the p e in departure in any given line will thus be ±cqJl 
The total pern latitude, 

and the total pern departure 

SX a =±» Ijv /^+^ + • 

and the total p e m the poertum of the leet pomt of the traverse due 
to this source will be _ 

± ±c i */h+h +1 s *• 

The total error in latitude will therefore be 

8Y= ± V( 8Y i) s + ( s *3F +8Y 2> 
and the total error m departure will be 

SX= ± V(^fT(SX^+SX a , 


l the total displacement will be 

± /s /SX a + 8Y 2 . ro 

aw.T-r»rsi , i-^y* sa 'S- 
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stating tlie limits of accuracy, then the pern latitude due to this 

source 

SY 4 = ± Cz^fy-i+yz + • 

and similarly SX 4 = ±c 3N /a ^+x£+ . . . 

The total displacement of the last point will then be 

± vTO* + (SY 4 f + (sx,)* + (sxj». 

In the case of a loose needle survey the error in the bearing of a 
lme only affects the same displacement at the end of the traverse as 
at the end of the particular line to which it refers 

I e the p e. m the position of N due to a small error ± m each 

bearing is 

8Xj= ±<£ x /z 1 2 + a; 2 2 + . . x n z , 

and SY ± = *Jyf+yf+ . y n 2 > 

and on account of errors m hnear measurements the same expressions 
for SY 2j SY 3j SY 4 , SX 2 , SX 3 and SX 4 are apphcable as m a theodolite 
traverse 

A few examples of the accuracy obtained in practice are given 
below. 

(1) On the Ohio River Survey, 1 commenced in August 1911, for maps 
to a scale of 500 ft. to 1-mch, a control base line was run m duphcate 
along each bank. The instrument work was executed with a 10-inch 
transit, and all angles repeated 10 tames, 5 times to the right and 5 
times to the left, both vermers being read and recorded 

The hnear dimensions were measured with a steel tape 200 ft long, 
corrected for temperature, roughly levelled, and a uniform pull of 
18 lbs. exerted. 

At mtervals of 10 miles the two traverses were closed, the error of 
closure bemg not more than 1 in 20,000. 

(2) The topography was then ascertained by transit and stadia 
traverses closing on the main traverse. 

The allowable errors were 

10 ft to 1 mile in distance, i.e (s+ ? ), 

2' in azimuth, 

0 4 ft m elevation, 

though the actual closures averaged much less. 

(3) On the traverses connecting the triangulation points of the 

Topographical Survey of Cincinnati, 2 using a 150 ft. steel tape, and a 
transit reading to single minu tes, the average closmg error was 1 m 
3 0 °0. . 

(4) The traverse stations were plotted on the sheet, ana a blue 
print of all the traverse work on that sheet supphed separately. Each 

1 Ohio River Survey G G Graefcer Engm Neios, vol lxxi No 12 

5 Topographical Survey of Cincinnati Mitchell Engm News, vol Isav JNo i 
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topographer worked in a circuit, and for the plane-table traverses, 
some of which were between points as much as 3000 ft apart, the 
Jinut of error was 5 ft , or 1 division of the scale 

(5) On a Reconnaissance Traverse m Guatemala 1 on mulebacl 
with compass, aneroids, and watch, the distances were computed by 
timing the inule, and a closing error of only §tk of a mile was obtained 
in a circuit of 81 miles (ic 1 m 21 6 about) 

The rate of the mule on ground up to 10° slope averaged about 
-j* & th mile per minute 

(G) For an ordinary compass and chain traverse a closing error of 
1 in 400 to 1 m 500 might be expected, while for an ordinary transit 
and chain traverse an error of I m 1000 might easily result 

(7) For compass traverses m tropical forest countries, conducted 
with n tarred mamlla rope 310 ft long (three lengths being considered 
as 000 ft, the length of leg, to allow for twist in paths, etc), and 
compass bearings, taken on to the forward man by the sound of a 
“ coo-ee ” when necessary, an error of the order of 1 m 40 may be 

anticipated 

EXAMPLES 

1 (U of L ) Tlic extracts from the field book given below relate to a com 

plclc traverse sun oy of a pond ti,„ „ Knn l checks 

(«) Draw up a complete traverse sheet, and apply the ns 

(6) riot the survey to a scale of 1 inch -M links an(I decimals 

(c) Compute in any way you please the area of the pond in 

of an acre 
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2 (ICE) The following bearings were taken m running a compass traverse : 

Station 1 to station 2 351° Station 3 to station 4 90° 

„ 2 „ 1 1701° „ 4 „ 3 273° 

„ 2 „ 3 356° „ 4 „ 5 176° 

„ 3 „ 2 173° „ 5 „ 4 355f° 

At what station do you suspect local attraction, what is probable amount 
and in what direction ? 


y'Z (U. of B ) Given in a closed traverse •- 


Side 

Length 

Azimuth 

AB 

391 feet 

42° -38' 

BC 


« 

CD 

407 „ 

250°-18' 

DE 

791 „ 

280°-53' 

EA 

782 „ 

61°-05' 


Find length and azimuth of BC 

4. (I.C E ) A theodolite traverse has been run round a figure with six sides 
The internal angles have been measured and their sum found to be 720°-l / -20*. 
The consecutive co-ordinates of each point were calculated and found to be 


K. 

S 

E 

W 

A 

2257 9 


512 

B 

1325 5 


15 5 

C 

259 4 

913 0 


D 1500 3 

» « 


13S 8 

E 2191-1 

» 

• 

478 8 

F 

47 0 


210 3 


Can you say if the traverse closes, and if not, whether the error is likely to be 
in the measurement of an angle or a side ? Also can you say from inspection 
which pair of co-ordinates are probably wrong ? 

5) (TJ. of L ) A four-sided traverse ABCD has the following lengths and 
bearings . 


Find the exact bearmg of the side AB 

6. (U. of L ) Two points A and D are connected by a traverse survey ABCD, 
and the following records are obtained : 

AB=876 ft 
BC= 682 ft. 

CD =983 ft. 

Angle ABC= 118°-15' 

Angle BCD=10S°-40\ 

Assuming that AB is m the meridian, determine : 

(1) The latitude and departure of D relatively to A. 

(2) The length AD 

(3) The angle BAD. 
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roughly East 

i ** 
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245 
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7. Prom Tables 3, 5, and 6 (pp 134 and 135) find the area enclosed by the 
traverse AB . . PA, in each case, assuming a Gunter’s cham to have been 

employed 

8 (U of L ) A straight tunnel is to be run between two pomts A and B, 
whose co-ordinates are given in the annexed table 

Point. Co-ordinates. 

K E 

A 0 0 

B 3014 256 

0 1764 1398 

It is desired to smk a shaft at D, the middle pomt of AB, but it is impossible 
to measure along AB directly, so D is to be fixed from C, a third known pomt 

Calculate • 

(а) The co-ordinates of D 

(б) The length and bearing of CD „ 

(c) The angle ACD given that the bearing of AC is 38 -24 E of h 

9 (UofL) Describe the principle on which the arc of asextant is graduated^ 
A closed survey ABCD is made with sextant and cham The bearing of AB is 
foirnd by meaS of a compass to be N 30° E and the angles ABC and BCDare 
90° and 120° respectively as measured by the sextant The lengths o 

and heights of the station pomts are as follows 

AB 600 ft long A 300 ft above datum. 

BC 200 „ B 330 „ „ 

CD 400 „ 0 320 „ „ 

il oAU 9i » 

Obtain the correct bearings of all the lines and the length of AD. 
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Chapter VI 

THE LEVEL AND LEVELLING 

The Level 

The level is an instrument for determining the relative heights of 
different points on the earth’s surface. 

The two chief forms are the “Dumpy” and the “ Y ” levels, 
though several other modifications, such as Cushing’s and Cooke’s, 
are also used. 

In each case the instrument consists of a telescope provided with an 
object-glass, an eye-piece, and a diaphragm carrying cross-hairs usually 
of the type shown m Fig. 64, b, though often there are three horizontal 
webs as m Fig. 64, e or/, or metal points as m Fig 64, d or h, the two 
outer being used for tacheometnc purposes. The telescope is generally 
similar to that of a theodolite, and has already been described m 
Chapter II. 

The telescope — together with the attached bubble tube — is supported 
by the frame of the instrument, which, like that of the theodolite, is 
provided with “ parallel plates ” and either three or four levelling 
screws, and sometimes a compass box is enclosed m the space between 
the two supports (Fig. 127). 

A small cross bubble is to be found on some instruments, but this 
is generally not much used ; and the instrument is levelled by the 
longer and more sensitive mam bubble by means of the parallel plate 
screws, exactly m the same manner as has already been described in 
the case of a theodolite 

Sometimes the vertical axis is provided with a clamp and slow 
motion tangent screw, especially when the diaphragm is fitted with 
metal stadia points (Figs 128 and 129). 

The Dumpy Level. — The telescope of the Dumpy level (Fig. 127) 
is firmly fixed to the frame by the makers, and the permanent ad- 
justments of the instrument are as follows : 

(1) Vertical adjustment of the line of collimation of the telescope. 

(2) Adjustment of the bubble axis parallel to the line of colhma- 
tion 

(3) Adjustment of the line of collimation and the bubble axis at 
right angles to. the vertical axis. 

(1) In a Dumpy level it is unnecessary that the line of collimation 
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B « IS*! Sec0nd ad i ustm ® nt also is carried out with two pe*s A and 

My dSmbeTo”r 9 f “ ‘ ^ ** b “ 

S 3 } T ‘f‘ M fd adjustment consists in making the bubble ■• tarerse 
and rt mil do this when the axis of the bubbl^-and thenfom thTtae 



Fro. 127 —Dampy Level, mth Compass. 

of collimation — is in a plane perpendicular to the axis of the instill- 
ment The method of carrying out this test, after levelling the 
instrument as well as possible, is to turn the axis of the telescope 
parallel to the two opposite parallel plate screws, b and c (Fig 9a or 
Fm. 96), and by their aid to bring tbe bubble to the centre of its run 
°0n turning through 180° in azimuth so that the telescope is a f Jin 
parallel to b and c, if the bubble is no longer m the central P 05 " 10 ” 
its displacement is halved by means of the screws h and c ’. 
rem ainin g half compensated for by means of screws under the teietc j 
supports (Figs 127 and 129) (compare Fig 97, p 86) > , , of 

In certam types of instrument (eg. Fig 128) thmisnomc 
matins this adjustment, as with such a substantial name it - 
ndS uBhkcly that the axis of the telescope can be ^pbc^ froin 
£ position at right angles to the vertical axis, unless by such 


IZH toT 


-7 


(» r> 1 l f • w 

— ' i ih. LX. t 

,i>7 rAi-h„ . 

2rl--r- w 


jr 

* ^ 





“ ^ * » 

* ‘kc 

" 5 f’ 

, ' 1 .. 
I J-1 


'-*4. - 






tl 


h 


vq . 

i^S3>* 

~ 's’s ' . 

'^r% : 

*. n *« * v. ^ r< 


$ 


f 



X. 









» 


V 

* 

* 


A 


THE LEVEL 


149 
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accident as would render imperative its overhauling by the manu- 
facturers 

In such a case there are two adjustments only. 

(1) To make the bubble traverse — the adjustment being made by 
halving the displacement of the bubble on reversal by means of the 
parallel plate screws, and compensating for the remaining half by 



Fig. 12S — Dumpy Level. 


means of the capstan-headed screws attaching the bubble tube to the 
telescope. 

(2) To place the line of colhmation parallel to the axis of the 
bubble when it should of necessity also be in the axis of the tele- 
scope 

To do this the procedure is the same as m adjustment (2) above, in 
so far that the correct difference in level between two pegs A and B 



Fig. 129 — Y LeveL 


is ascertamed by setting up the instrument exactly midway between 
them and taking readings on each peg when the bubble is m the centre 
of its run (Figs 101 and 102) 

The level is then set up at D, a point near one of the pegs A, and the 
bubble being in the central position, readings are again taken on the 
pegs A and B. If the difference of level so obtained is correct, the line 
of colhmation is parallel to the axis of the bubble If not, the adjust- 
ment is made in this case, without any alteration of the bubble tube, 
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by altering the diapliragm screws until the correct difference is obtained, 

raised. low 

e g the diaphragm must be j owere( j ^ the peg B is apparently too ^ 

The Y Level — The Y level differs from the Dumpy m that by un- 
pinning the two clips shown m Fig 129 the telescope may be lifted 
bodily from the Y supports, in which it is secured. 

The adjustments are the same as those for the Dumpy level, and 
may be tested by the same methods 

Other methods, however, are applicable to the Y instrument 
Adjustment (1) may be tested in the manner that was described 
on p. 94 for a Y theodolite The telescope supports being uncovered, 
the cross-hairs are focussed on to a levelling staff held at a convenient 
distance away and the reading taken The telescope is carefully 
lifted from its bearings, replaced in an inverted position, and a second 
reading taken. If the two readmgs agree, the line of collimation is 



Fin 130 —Cushing's Level 

. tie axis of the telescope , if not, tie difference > halved by adjnteng 
he two diaphragm screws bubble parallel to the 

m e«l»e«X°^od desenbed onp * 

01 £ Ouebing’s level 

■ye-piece carrying with it the diaphragm, screw (Rg 1S0 ) 
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held a convenient distance away ; or, if preferred, a point may be 
made on a wall as in adjustment (4), p. 94, for a Y theodolite (Fig 105). 

The eye-piece and diaphragm are mverted, i e are rotated through 
180° in their socket, and the levelling staff is agam read. If the two 
readings do not comcide, half the difference is compensated for by 
means of the diaphragm screws, with the result that the new reading 
should be then identical for either position of the eye-piece. 

(2) To adjust the Line of Collimation at Right Angles to the Vertical 
Axis the mstrument is levelled and, as before, a reading taken on a 
levelling staff (or a pomt is marked to comcide with the cross-hairs). 
The mstrument is rotated through 180° m azimuth, and the eye-piece 
and object-glass interchanged but not inverted, so that the Ime of sight 
is directed to the same object as before. The reading on the staff is 
agam noted, and half the deviation, if any, is taken up by means of 
the screws provided for this purpose beneath the telescope supports. 
The hne of colhmation should now be at right angles to the vertical 
axis, and no deviation should be apparent on repeating the test. 

It should be noted that, as m adjustment (1), it is not necessary 
that the bubble should be in the centre of its run, nor that the vertical 
axis be truly vertical. For if the hne of colhmation is inclined to the 
central axis at an angle 90° - a, then on rotating the telescope through 
180° about this axis, the axis of course remains m the same position, 
but the centre hne of the telescope makes an angle of 2a with its 
original position — as explained m Fig 97 ; so that half this deviation 


(le. the actual error) being taken up by the screws above 

2t 


mentioned, the adjustment is completed. 

If the bubble %s brought to the centre of its run for the first observa- 
tion and is found to leave that position when the telescope is rotated 
through 180°, it must not be brought back to the normal position, as 
any movement of the parallel plate screws to effect this will also alter 
the position of the central axis 

(3) To ensure that the Bubble shall “ traverse ” correctly, after 
setting up the instrument in an approximately accurate position, the 
telescope is rotated mto a line parallel to two base screws, b and c 
(Figs 95 and 96), and by them the bubble is brought to the centre of its 
run. With a tnbrach arrangement it may be somewhat more simple 
to orient the telescope over a smgle screw at right angles to be 

If the bubble does traverse correctly, no displacement should occur 
on rotating the telescope through 180° in azimuth ; but if there is a 
deviation of, say, 2 n divisions, half this amount is corrected by means 
of the screws 6 and c, and the remaining n divisions by means of 
the capstan-headed screws which attach the bubble tube to the 
telescope. 

After manipulating the remaining parallel plate screw or screws 
to “ level ” the mstrument in a plane at right angles to 6, c, the bubble 
should remain m its central position for a complete revolution of the 
telescope. _ _ 

Cooke’s Level. — This is shown diagrammatically in Fig. 131. The 
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telescope is furnished with two equal cylindrical flanges which fit into 
two corresponding collars, S and S', on the instrument frame, and from 
which the telescope may be withdrawn m an endwise direction. The 
collars are connected by a rigid cylindrical tube SSS'. 

When replacmg the telescope, the object-glass end is inserted into 
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The procedure is repeated until the adjustment is correct (compare 
adjustment (2), p 151) 

(3) To make the Bubble traverse, exactly as m the case of Cushmg’s 
level, half the deviation of the bubble from its central position, on 
reversal, is corrected by means of the bubble capstan-headed screws 
HR and half by the parallel plate screws 

Parallel Glass Plate Micrometer — This simple contrivance, which is 
fitted by Messrs E R. Watts & Son to their precise levels, consists of an 
optically worked parallel disc of glass, horizontally pivoted m front of the 




Fig 131a — Parallel Plate Micrometer. 

object glass of the level telescope The line of sight is not affected when 
the disc is vertical, but the interval between the hair hne and the nearest 
staff graduation mark below it may be measured, instead of estimated by 
eye, by tilting the disc as m Fig 131a, until coincidence with the graduation 
mark is obtained The displacement of the hne of sight is parallel to the 
original hne, and independent of the staff distance , and as 0 02 ft dis- 
placement corresponds to an angular movement of the disc through 20 
divisions on a cahbrated scale, it is possible to read the staff to the 3rd 
decimal place of a foot, and estimate closely the 4th place at short ranges 

A precise levelling instrument may be either of the Dumpy or the 
Y 1 type, but the telescope usually has a greater magnifying power (40 
to 50 diameters) than the ordinary instrument It is provided with 
three parallel plate screws and a very sensitive bubble, which is brought 
to the centre of its run for each reading by means of a fine adjustment 
screw under the eye-piece of the instrument, thus shghtly altering the 
angle between the hne of collimation and the vertical axis each time 
In an ordinary level the bubble is made to “ traverse,” and is brought 
to the centre of its run by means of the parallel plate screws , but with 
such a sensitive bubble as that of a precise instrument accuracy can 
be obtained more expeditiously with the fine adjustment screw by 
centermg the bubble mdependently for each reading. 

A mirror is provided over the bubble tube so that the observer can 
see from the reflection that the bubble is m the correct position while 
the staff is bemg read. 

In the U S Coast Survey Level a small auxiliary telescope was 
provided for viewing the bubble with the left eye, while the staff was 
bemg read through the mam telescope with the nght eye 

Occasionally the bubble is not accurately centered, but the devia- 

1 The “Kern” level, of Swiss make, is of the Y type and has been largely used 
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adjusted unless the collimation error was 1*25 mm. or more at a distance 
of 50 metres. 

Zeiss Level. — The Zeiss level differs in several respects from the 
instruments described above. 

Nos. II. and III. are of the form shown in Fig. 132, the larger size 
bemg suitable for precise 
levelling operations 

No. I. is a smaller 
instrument of the same 
general design as Nos II. 
and EH , but it differs m 
a few of the details 

The telescope of this, 
which is only 8 inches 
long, magnifies 20 dia- 
meters, and though the Pig 133. 

whole instrument weighs 

but 4| lbs m its case, it is considered equivalent to an ordinary 
12" or 14" Dumpy. 

No IV. is a cheaper form and differs in many respects from Nos 
I , II., and III 

The type shown in Fig. 132 will be described here 

The normal object-glass A consists of an achromatic plano-convex 
lens permanently fixed in the tube by the makers, and there is a 
similar lens B fixed at the opposite end of the tube as shown m Fig 
133 

Cross-hairs are engraved on the mtenor surface of each of these 
lenses, consequently they cannot be adjusted and diaphragm capstan 
screws are unnecessary. 

The image formed by the object-glass A is focussed on to the opposite 
lens B by means of a negative lens C. This lens can be made to slide 
m the tube by the manipulation of the milled-headed screw on the 

outside of the tube, to 
which is connected a 
rack andpinionarrange- 
ment. 

The compound eye- 
piece, which magnifies 
the image, can be ad- 
Fio 134 justed for parallax by 

a rotary motion — a 

much more convenient method than the usual sliding motion— and 
the edge of the eye-piece is graduated m diopters (Fig 132). 

The principle underlying the method of focussmg with a negative 
lens may be seen from the diagram in Fig. 134, where the two lenses 
are represented by single glasses Let A represent a point upon the 
staff, from which two rays only are shown. These rays, together with 
others, would, m the absence of the negative lens, come to a common 
focus at a, where an image of A would be formed The effect of the 
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additional lens is to tend to diverge the rays ; this causes them to 
produce the image of A at % mstead of at a, and it will be seen from 
the following analysis that by suitably altermg the distance between 
the two lenses the point a x may be made to fall on a fixed plane, viz 
that of the diaphragm wires 

Let / be the prmcipal focal length of the object-glass, 
f be the prmcipal focal length of the negative lens, 
f x be the distance from the object-glass to the staff, 

/ 2 be the distance from the object-glass to the image winch 
would be formed were the negative lens absent, 

// be the distance from the negative lens to the image which 
would be formed were the negative lens absent, 

// be the distance from the negative lens to the image actually 

formed at «r lf , , ,, 

dj be the distance from the object-glass to the image actually 

formed at 

d be the distance between the two lenses 

Then from Chap II +j- and / 2 =j.^y 5 • * ^ 

1 _ 1 _ 1 f- KM . . • ( 3 ) 

/' ft ft’ ft -ft 

Substituting // - (/a " d ) and 

,, (A~d)(dr-d) . . . (3) 

Jtom (1) and (3) -(fa'*) 

<p(A -f) - d ’A + Wi -m - WJ' 

Tins equation is a quadratic expressing tie value of i in terns el 
/ ’ / ’But f an/V' are constants, these being the 1 “ glb 

of the two lenses, and the tancebetweenthe object-glass and 
.^^■^TSnhtSSt value, 
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altered by means of the fine adjustment screw seen on the right of the 
standard , and in this way the bubble is accurately centered The 
result of this motion is that the telescope axis is not necessarily at 
right angles to the mam axis, which is only approximately vertical , 
consequently the bubble will not traverse, but must be readjusted 
whenever the telescope is moved m azimuth, as explamed on p. 86 
and m Fig. 97 

The need for such readjustment of the bubble is not as serious a 
drawback as might be anticipated, because, as the bubble can be 
seen from the eye-piece end of the telescope by reflection m the small 
prism above the bubble tube, it is not necessary for the operator to 
change his position to the side of the instrument, and the fine adjust- 
ment levelling screw is quickly and easily manipulated 

One half of each extremity of the bubble — illuminated by means 
of the adjustable mirror placed immediately below it — is reflected by 
the prisms in the long rectangular casmg immediately above the bubble 
tube into the small pnsm box The arrangement is so effected that 
when the bubble is “ central ” 
the reflections of the two halves 
make one curve, as in Fig. 135, a, 
while when shghtly out of truth 
the appearance of the reflections (a) (b) 

is as m Fig 135, 6 Fro. 135. 

There is also a clamp and 

tangent screw to effect accurate adjustment in azimuth This is seen 
above the spherical bubble on the left of the standard m Fig 132 

Adjustment — When the bubble is seen as Fig 135, a, the line of 
colkmation of the telescope should be horizontal, and the truth of this 
adjustment is examined as follows 

A staff is held vertically upon a peg or other firm object at a distance 
of about 150 ft. from the instrument, and readmgs are taken under the 
four following conditions, the bubble bemg accurately centered for 
each by means of the fine adjustment levelling screw : 

(а) With the telescope in its normal position, the eye-piece at the 
opposite end of the tube to the usual object-glass, and with the bubble 
tube on the left of the telescope as in Figs 132 and 133, a 

(б) With the clamp, which is seen projectmg over the top of the 
telescope m Fig 132, loosened, and the telescope rotated through 180° 
on its longitudinal axis so that the bubble tube is on the right of the 
telescope, and the prism box below the bubble. 

(c) With .the eye-piece removed from its normal position and screwed 
into the cap in front of the normal object-glass, the telescope and bubble 
remaining as m (6) (Fig 133, b). 

(d) With the eye-piece removed from its normal position and 
screwed into the cap in front of the normal object-glass, but with 
the telescope and bubble as m (a). 

In positions (c) and (d) the small prism may be turned through 
180° m azimuth, so that the bubble can be seen from the end of the tube 
at which the eye-piece is now fixed. 








- *, 3 








r * 

* Aj,'* i 

Vaf X » 

< i 




’Vr 



-H 


l I 


l 


I 


1 

t 1, 

I 


f 


t 


* 3 ' 


V 

\ 


1 

, 2 


'J 


\ 


\ 

2 


t 


f 



** 


r 


* t « 

i 

3 



168 


SURVEYING 


The arrangement of the lenses m the cases (a) (b) and (c) (d) re 
speclivcly is seen in Fig 133, a and b 

If the instrument is m perfect adjustment the four readings will 
be coincident. 

For ordinary work the instrument is used throughout as in method 
(a), hence it is necessary that when the eye-piece is normal and the 
bubble on the left of the telescope, the line of colkmation shall comcide 
with the true horizontal line so determined 

Consequently, if the adjustment is not perfect, the instrument is 
again arranged as in (a) and the telescope tilted by means of the fine 
adjustment levelling screw until the staff reading is made to agree 
with the mean value of the four results 

If the eccentricity of the bubble is now considerable, the bubble 
tube is tilted by means of the antagonising capstan-headed screws at 
its ends until the bubble is approximately in the centre of the tube 
When this has been done, or if the divergence of the bubble is such 
a slight amount that it is unnecessary to alter the tube itself the fanal 
adjustment is completed by releasing the clamp at the end of the long 
rectangular pmm box, and adjusting tins by means of the scran mW 
the ends of the bubble appear in the smah prism box as >m Ifa ; 

That is to say, the line of colkmation is set truly homontai 
and, at the same time, the reflections of the two ends of fhe ibubbk 
™c made to come.de This can be accomplished ev a thoegh th 
bubble is not m the exact centre of its tube, provided that it .s 

ttPP CpS work it is sometm.es o»« ft £**« ;«£ 
the mean of two readings, for one of 

normal position (Fig 132), and for the other 1 e p { ttese two 
as in (6) For such work it is essential that the main or w 
readings shall agree with the mean of the four values (a), (&), (4. < > 

a ^°Thus if the four readings on the staff are r a , r b , r« U respect y> 
then if the instrument is in adjustment, 

U * a mil be equal to say. 

If this is not the case, but 

r. + Th rn+n+rc+U + n,.. %e R ±m, 

2 4 

then the telescope must be Sited 

r ° + The long prism ^b^a^lij^m^toof the capstan screws 

It now remains to ad] us ^ tdeM . ope , ond to do 
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telescope is rotated through 90°, i e until tlie bubble is immediately 
above the telescope Tbe correct reading R is then bisected on the 
staff, and the bubble brought to its central position, as seen m the small 
prism, by means of those capstan-headed adjusting screws at the end 
of the bubble tube, which aTe horizontal m the normal positions (a) 
or (6). 

An alternative and more accurate method of performing this adjust- 
ment is to place the tripod so that one leg is directed towards the staff. 
The bubble is then placed above the telescope and brought to the centre 
of its run while a reading on the staff is noted 

The foot screws are now in the positions shown in Fig 136, so that 
if the screw 2 is turned through, say, 180 or 
more degrees a tilt is given to the instrument 
m a direction at right angles to the line join- 
ing the screws 1 and 3 The component of 
tins movement along the direction IS will 
slightly alter the reading on the staff S, t e. 
m Fig 136, if 2 is raised, the reading will be 
mcreased Similarly, if the screw 3 be turned, 
the instrument will be tilted m a direction at 
right angles to 1-2 

It is evident then that if 3 is screwed m v 
the opposite direction to 2, the component (2y 
along IS of the latter movement can be made 
to neutralise that caused by 2 

When the original reading has been ob- 
tained on the staff by rotating 3, it signifies 
that the point a, midway between 2 and 3, 
is raised to its original level ; and as 1 is 
unaltered the resultant effect on the instru- Era 136 

ment is a tilt round laS as an axis 

Consequently, if the axis of the bubble is parallel to laS, the 
position of the bubble as seen in the small prism box will be unaffected 
by this motion, z e it will revert to its central position when the original 
staff reading is re-obtained by the turning of screw 3. But if the 
horizontal projection of the bubble tube axis is not parallel to laS, 
the tilting movement at right angles to laS will have a component 
along the tube and cause a displacement of the bubble from its central 
position. 

The adjustment is completed if necessary by means of the horizontal 
screws provided for the purpose at the end of the bubble tube 

The levelling staff is usually graduated m feet, decimally divided 
into tenths and hundredths of a foot The length, cross-section, and 
method of graduation, etc , vary considerably in different patterns, 
but the most usual form is known as Sopwith’s and is shown in 
Fig 137, a 

This staff is of telescopic design and of rectangular section, the 
total length when extended being usually 14 ft , though other lengths 
are also obtainable. Sometimes it is in one length of, say, 10 ft., and at 
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str 

with brass The gradua- 
tions are painted direct on 
the face, or a varnished 
scale is pasted on In the 
usual pattern the figures in- 
dicating the whole numbers 
of feet are painted m red, 
some— such as V and X— 
being for distinction m 
Roman figures, while the re- 
mainder are of other forms 
The tops of these red figures 
denote the level of the foot 
which they specify. Some 
times the 11, 12, and 13 
are replaced by one, two, or 
three square dots respect- 
ively, as the top length 
of the staff is necessarily 
rather narrow The staff 
when viewed through the 
majority of levelling and 
stadia instruments appears 
inverted, so that as con- 
fusion is liable to arise 
between the 6 and the 9 
(note the 6 does not appear 
among the black figures), 
the 9 is often made blind 
as Cj, while the eye of the 
6 is clear as £ 

On some staves the 
figures are inverted so that 
they appear erect when 
viewed through the tele- 
scope (Fig 137, b) The 
subdivisions of a foot are 
»■ II Tm " marked by the black 

(b) Reverse (c) Target Rod numerals 1, 3, V, % and 9 

” " - each of these being exactly 

1 of a foot m height 



(a) Upright. 

P a 137 — Level Staves 
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Thus the top of the black 1 denotes 1 
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spaces filled in as shown in Fig 137. The top of a white space thus 
indicates an odd number of hundredths, while the top of a black space 
indicates an even number. Usually the further subdivision of these 

•s 

spaces is not estimated, the second decimal place bemg taken as odd 
if the hair-line intersects upon a white space, and even if on a black 
space Other forms of graduation are shown m Fig 166. 

To obviate mistakes which may arise in those cases where a large 
red figure does not happen to fall within the field of the telescope 
sometimes one or two smaller supplementary red figures are painted id 
intermediate positions m each foot length 

Otherwise the staff man may be instructed to raise the whole staff 
slowly until a red figure comes into view — when this figure will be 
the correct number of whole feet to be booked ; or the staff man may 
run his finger along the staff until this is seen through the telescope — 
when the correct number of whole feet to be added to the observed 
decimal readings may be noted directly. 

If it is intended that the staff shall be read by the instrument man, 
through the telescope, the staff is known as self-reading (Fig 137, a 
and b), but for longer distances a “ target ” staff is employed (Fig 
137, c). This is provided with a movable vane which is adjusted by 
the staff man until the instrument man signals that the central mark 
comcides with the diaphragm web The staff man then observes and 
books the vernier reading For important work several readings 
would be taken and a mean adopted (see Reciprocal Levelling) 

The Philadelphia rod, by Gurley, shown in Fig 137, c, is 13 ft long, 
and is graduated in feet, tenths and hundredths, while the vernier 
reads to thousandths 

Staves used for precise survey 1 work are generally not extensible, 
but, like those used on the Ordnance Survey of Great Britain and the 
Indian Surrey, are in one length These were 10 ft long, and self- 
reading, graduated on both faces from different zero positions, and 
could be read either in an upright normal position or reversed, so that 
four different readings could be taken at any particular staff station 
American types are generally of + or T section, and are graduated 
in metres, subdivided to centimetre or even 2-nulhmetre divisions 
A spirit level, a plumb-lme or pendulum device is provided to ensure 
verticality, and sometimes a thermometer is attached for determimng 
temperature. 


Levelling 


A level surface may be defined as a surface the tangent plane aif 
every pomt of which is perpendicular to the direction of gravity at 
that pomt, and it comcides with the shape adopted by the surface 
of a free liquid. 

The, surface of the, ear th at. {{ m ean sea-level,” i e the mean l e.vel 
ofjbhe-great oceans, is known as.tlie.Ge.Qi3Tand this is by no means a 
regular figure, because the direction which a plumb-bob assumes under 
the action of gravity depends upon many factors, such as the difference 


1 See also p 200 
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“ bench marks ” have been left at various points all over the country 
by the Ordnance Surveyors, and are usually V-shaped mcisions cut into 
the stonework or brickwork of churches, bridges, or other permanent 
structures. Upon the maps, the positions of these are given, together 






with the height of the centre of the top horizontal bar of each above ; 

the ** Ordnance Datum Level.” It was mtended that the datum, as 
marked on the entrance to the Mersey Docks at Liverpool, should 
comcide with the “ mean sea level,” and though doubts have existed , 

since, yet the latest data indicate that any difference is small, and I 

that this old datum is practically the same as the mean sea level j 
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round the coast, and 0 13 feet above the mean sea level at Newlyn 
Apparently, however, the Old Ordnance Survey datum surface for the 
whole country was not a level plane through the datum at Liverpool 
(Seep 202) 

As shown m this example, Ordnance bench marks form a very 
convenient method of checking long lines of levels 

The first position at which the instrument is set up and levelled is 
m the mam road opposite the entrance to Parkgate House. From 
this position both the B.M and the initial pomt A can be seen The 
levelling staff is held vertically against the wall of the house and with 
the bottom of its base plate level with the centre of the horizontal 
bar of the bench mark The telescope is directed towards this, the 
obiect-glass shade displaced, the staff focused by means of the large 
milled-head on the side of the telescope, and the eye-piece corrected 
for parallax, i e moved inwards or outwards until the hair-lines are 
seen quite distinctly and there is no apparent movement relative to 
the image when the eye is moved upwards or downwards 

The reading at which the horizontal web of the diaphragm appea 
to oat the staff is now noted (say 1 04) and enteed in the M 
of the level book ns a Back Sight, while in the Remarks column 
note is made “ A on Parkgate Honse ” The redneed level 80 60 is 
filled in either now or later from the Ordnance maps 

“«1c in general- are 

“Ilk ’ te^“^"Ks lies in the .netted el 

" reduction ” afterwards m the office „ fihamage ” 

The first column on the page is sometimes Charnag^^ & readmg 

The staff is next placed on the manhole 00 „ c0 ] umn The 

(4 58) taken, and en £ ered , m n^s entered in the “Distance” 

chainage commencing from tlus P°^’ h „ Eemar ks ” column A 

b ° The cham'm stretched along the -d ffj A, and 
vertically m the centre of the road at + every change of 

weutK!^ tt^ding at 100 - 

(4 oS road attte bend Cg-ft 

,, 3 mthe" Distance” column, riVS colomn, as it » 

"SjSJSKS null not be seen torn the 

&&SSSSZ2- to cut the staff held 
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fore sight station, when used as the proposed back sight station ; (2) 
the distances from the instrument to the points at which back and 
fore sight readings are to be taken should be approximately equal, 
or exactly so for very accurate work , and (3) these distances should 
not be so great as to cause the readings to be very mdistmct. 

Levels for Continuation of Sewer m Weller Road 


(Collimation Method ) 


March 5 , 19 — . 


Back 

Sight 

Inter- 

mediate 

Fore 

Sight 

Reduced Level 

Distance 

Remarks. 

Instr Axis 

Staff Station 

104 

• 

• 

8164 

80 60 


7T Parkgate House 


4 58 

t 


77 06 

0 

Manhole cover at A. 







Depth to invert 







10 50 ft 


4 22 



77 42 

100 

Centre of Road 

5 28 

• 

4 45 

82 47 

77 19 

123 

Bend of road 


5 14 



77 33 

200 

Centre of road 


4 55 



77 92 

300 

99 99 


4 02 



78 45 

400 

99 99 


3 55 



78 92 

500 

99 99 


3 27 



79 20 

600 

99 99 

4 74 


2 98 

84 23 

79 49 

630 

Bend of road 

• 

5 50 



78 73 

700 

Centre of road 


5 97 



78 26 

800 

99 »! 


5 70 



78 53 

900 

99 99 


5 20 



79 03 

1000 

99 99 


4 75 



79 48 

1100 

99 99 

6 38 

• 

4 54 

86 07 

79 69 

1200 

99 99 


5 94 



80 13 

1300 

99 99 


4 87 



81 20 

1400 

99 99 


4 30 



81 77 

1500 

99 99 


4 00 



82 07 

1600 

„ 


345 



82 62 

1700 

99 99 

513 


3 21 

87 99 

82 86 

1782 

Bend of road 


4 67 



S3 32 

1800 

Centre of road 

* 

4 25 



83 74 

1900 

99 99 

5 29 


3 98 

89 30 

84 01 

1934 

Position of new 







manhole B 

8 22 


6 76 

90 76 

82 54 


• 



134 


89 42 


~ Station Bridge 







89 40. 

36 0£ 

• 

27-20 


89 42 


* 

27126 


• • 

• • 

SOJGO 



A 82 

• • 

• • 


A 82 




It is, of course, not necessary — nor even advisable — that the 
instrument should be placed upon the section line, any convenient 
and firm position from which all the points are visible being suitable. 

If the point D be chosen as the instrument station, the distance 
to a back sight station at C is rather excessive, so that a point (II ) 
approximately midway between 0 and D would be more suitable 
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taken is immaterial, and unless it chances to be convenient to use 
points upon the section, any other firm points approximately equi- 
distant from the instrument may be employed. 

In order to check the accuracy of the field work, the levelling may 
be continued from B either to some other bench mark F whose reduced 
level is known, or back to the initial bench mark on Parkgate House, and 
for this work no chaining is required — simply a series of back and fore 
sights — with no intermediates — taken at any convement points along the 
route The pomt B may be an intermediate sight if more convement. 

The “ reduction ” of the levels to some assumed datum plane noil 
now be explained The two methods are known as the “ Colhmation 
Method ” (p 165) and the “ Rise and Fall Method ” (p 166). 

Collnnation Method — Let ab (Fig 1 39) represent the plane m which 
the lme of collimation lies when the instrument is m its first position 
by the entrance to Parkgate House Then the reading on the staff 
when held on the bench mark bemg 1 04, the lme of collimation is 
1 04 ft. higher than the bottom of the staff, i.e than the bench mark. 
But the “ reduced level ” (i.e. the altitude above Ordnance datum) of 



this is 80 60, therefore the reduced level of the lme of collimation, 
u of the instrument axis, is 80 60 + 1 04=81 64 ft. 

This is entered in column (4), while 80 60 is entered in column (5), 
because the B M is the first “ staff ” station. 

Agam, the reading on the staff when held at A is 4 58 ft , i e. the 
manhole cover is 4 58 ft below the level of the instrument axis, and 
hence is 81 64 - 4 58 = 77 06 ft above datum This value is entered 
m column (5) Similarly, the reduced level of the 100 chainage point 
is 81 64 - 4 22=77 42 , and that of the 123 point 81 64 -4 45 =77-19 
(the fore sight reading is taken here as both values 81-64 and 4-45 
refer to the first setting of the instrument). 

When the instrument is moved to the second position, the new line of 
collimation is almost sure to be at a different level from that m the first 
case, but the two levels are correlated by means of the back and fore 
sight readings Thus let cd (Fig. )L39) represent the new lme of 
collimation The level of the staff station at 123 chainage is already 
reduced as 77*19, and as the back sight reading here is 5 28, the reduced 
level of cd is 77 19 + 5 28 = 82 47, and this is entered in column (4). 

The reduced level of the staff station at 200 is now 82 47 - 5 14 = 
77 33, and, similarly, the other reduced levels are calculated as in the 
Table. 
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Rise and Fall Method — In this method the reduced level of each 
point is deduced from that of the one immediately preceding it It 
nun he M>m fioni the above c\plnnation of the collimation method, 
and by reference to Fig 130, that the bench mark is 1 Oi ft below the 
line nf collimation, while the point A is 4 58 ft below the same line, 
to that the latter point, must be (i 08 - 3 0i)=3 51 ft below the bench 

mark. , ^ „ , _ 

That is to My, there is a “ fall ” of 3 51 ft from the B M to A, and 
this is entered in the “ Fall ” column ns shown The reduced level of 
A is therefore 80 GO - 3 51 = 77 0G, a value winch is entered m column 

(<>) Smiilarh , the 100 ft. point is 4 22 ft below the line of collimation, 
while A is <1 58 ft below, so flint there is a ‘ rise of (4o8 - 4 22) = 
•30 f{ fmm A to 100. Tins is entered m the Rise column and the 

reduced level calculated as 77*00 4 *30 = 77 42 ft , 

(Note, it is the “ Rise ” or " Fall ” to the second /ro»i the first of 
each pair of values which is calculated— not conversely ) 

The nes {, position (123) is 4 15 ft. below the first line of collimation, 
while Hie 100 is 4 22 ft. below the same line Hence there is a fall 
ot 23 ft fmm 11.0 100 lo tl.o 123 point, and Hie reduced level .a 

"'The natron 200 h Oil ft below the second line of eolhmebon 

i'S S?HU. C 123 SoIaS Seed let cl'S tlm Sposmon 

refer to different settings of the mstrun , subtracted from 

lines of collimolion For the same reason d 22 . « 

5 28 to obtain the reduced level of ' cl2 ®P“ ( n<1 ” ln „ similar 

m„-^^«K^ mnpvesfle 

povUioimef the first l^'^^o^^^^gj^/^ond^ecorrespond^ 

second lines of collimation K^t^eSdandflirdto® 
and 2 98 gives the difference m lev cl bet * ^ posltl0 n of the last 
of collimation and so on . 5"““^ 3i ^„ S equcntly,ifthese“ f*; 

point below the last hucofcollimat.on^w <1 ah the 

lions are all done together, by suotraenng sight values. 
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these two columns should agam give the difference in level between the 
first and last points, i e. 15 29 - 6 47 = 8 82 ft rise 

Each page may be checked independently in this way, the last 
reading on each page being entered, while m the field, jh. the foresight 
column, and the same value again, enteYed'at 31 i£MadJoTthejiext,page 
iii^h-jiaclvIsi ght^cQlumn, although in“ the - usual course it would be 
booked simply as an mtermediate sight 

This may be considered as equivalent to a new settmg of the 
instrument, with the line of collimation at exactly the ongmal level. 
When the last b oolong on a page chances to be a true fore sight, and 
the instrument is actually moved, the back sight reading is not entered 
on the same (bottom) hne, but alone on the top line of the next page — 
m the back sight column. When one page has been “ reduced,” 
the last value m the “ Reduced Level ” column is transferred to the 
top hne of the next page, and the calculations proceeded with as before 
In the “Rise and Fall” method, the accuracy of each reduced 
level depends upon that of the preceding one , eg if the value 77 92 
had been miscalculated as 77 82 either through an error m the “ Rise ” 
column or an error m computing the reduced level itself, then all the 
following values would be 0 10 too small, and the final value would be 
89 32 instead of 89 42, so that the error could be detected 

If the difference between the “ Rise ” and “ Fall ” totals was not 
8 82, the mistake would be m the calculations of the rises and falls 
from the staff readings, and these would need re-working until the 
mistake was located 

If the difference between these columns (4) and (5) checked correctly 
with (1) and (3) to 8 82, the mistake would be m the successive additions 
or subtractions to compute the values in the “ Reduced Level ” column, 
and these would require re-working. 

It is therefore advisable that on each page the rise and fall 
calculations shall be completed and checked by comparing with the 
difference of the back and fore sight column summations, before the 
reduced level calculations are commenced. 

In theif Collimation ” metl^d^any mistake^m the calculations wkichr 
refer to a'backor fore'sigHt station wiDThe carried through all the\ 
computations which follow, but any mistake in connection with ami 
mtermediate point will not affect other stations, eg. li the underlined^ 1 
value 77 92 had been miscalculated as 77 82, the following values would* 
be unaltered, and the last value would still be obtained as 89 42 
The mistake might thus be undetected — which is a disadvantage 
To conclude the method of checking m the “ Rise and Fall ” 
system checks all the office calculations — intermediates and back and 
fore sights, unless by chance two equal and opposite mistakes occur, 
while m the collimation system only the back and fore sight calcula- 
tions are checked. 

The “ Rise and Fall ” method is therefore the more popular with 
Surveyors and Engineers, although the office work m connection with 
the " Collimation ” method is shghtly less laborious 

The field work may be checked, as already mentioned, by continuing 
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route— 


nr°l!r« ,S on S inaI tench mark, possibly by another 

r b) proceeding to some other bench mark as in this p\nmnio -mi. 

Tim ormr" Cli (1 t,1C B ' M 0 ", Statlon Bni S« 1ms o reduced leveFof 8^40 

cJL w, l '" S CaS0 “ th “ ' 02 ot 1 i»»t. an amount which te net 
exceed the maximum allowable (see p. 202) 

V lien the levels arc continued back to the original B.M the sum 

of <Le 7? n ,^V+f ,tS 8 J 0 i, lld ^ q !! al fc l 10Se ° f fc,1C f0re SI S Lts and> the sum 
of tlie Rises those of the Falls It is, of course, not always essential 

or possible that an Ordnance bench mark shall be used as a starting- 
point from which to commence levelling, but it is ah ays advisable to 
commence from some permanent and easily located position, such as 
the end of a particular doorstep, the top of a mile post, etc The 
datum to w Inch the levels arc all reduced may then be assumed at any 
convenient and arbitrary distance, c g say 20 ft , below this One 
achanfage of the use of Ordnance bench marks is that the labour in 
checking back to the original bench mark is often obviated, while 
another great advantage is that sets of levels taken at considerable 
distances apart can he quickly and easily correlated Fig 138 shows 
the section plotted to the same horizontal scale as the plan, viz 40 ft 
to an inch, and to a vertical scale of 8 ft to an inch — the datum being 
Ordnance datum This increased vertical scale enables small differ- 
ences of level to he made easily distinguishable without at the same 
time making the plan and section so long as to be unwieldy When 
the horizontal and vertical scales are similar, the section is said to be 
plotted to “Natural Scale” The new work upon such a section 
would preferably be executed m coloured lines, say carmine, crimson 
lake, vermilion, blue, burnt sienna, burnt umber, etc etc 

Cross-Sections — In levelling for works, the exact line of which Las 
been already determined, a longitudinal section is often all that is 
required, particularly when the works are of narrow widths, as in the 
laying of sew erage or water mams , but at other times, in order to 
decide upon the most suitable hue, or to enable quantities to be computed 
for cuttings, embankments, etc , then cross-sections become necessary. 
Cross-sections also form a convenient method of locating contour 

lines (see p 173). , 

The method of levelling these depends very largely upon tne 
nature of the ground and upon the amount of assistance available a 
mam longitudinal line is first of all set out upon the ground, ana e 
whole or a portion of this is chained, pegs being left at all points 
which a cross-section is required The distances apart tor crosb 
sections depend, of course, upon the nature of the works for 
they are required, and upon the conformation of the groua 
quantities— if the ground is sufficiently regular to admit of it—™ ‘7 
preferably equidistant, and perpendicular to the mam ongitudin^bo 
This may be arranged by setting out each right angle lnaep J 
fS flS ten an! tape, or vA a box sextant or opti< mi 
or by raamag m an aimhary longitudinal lme, peggmg * » 
mnSer \o the mam line, and rangmg the cross-sections throe,, 

corresponding points on to the two lines. 
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If tlie differences in altitude are sufficiently small to enable one or 
more whole cross-sections to be “ levelled ” from one instrument 
station, the work can be very quickly done when four operators are 
available. Two are employed with the cham in setting out the lines, 
while one proceeds along the cross-section lines and holds the levelling 
staff at each pomt where occurs a change m the inclination of the ground. 
He either notes and books the chamages himself or calls out the informa- 
tion to the fourth man stationed at the instrument. If only three 
operators are available, the staff man might also act as follower and 
assist with the chaining 

If the ground is fairly 35 <3) 30 too 25 20 J5 

uniform m slope, “levels ” ~" a 
may be read at even dis- 
tances, e g. 25, 50, 75, 

100 ft 

In the case of ground 
the slope of which will not 
allow of a complete cross- 
section being taken from 
any one instrument station, 
there are two methods 
available Each section 
may be completed inde- 
pendently before another 
is commenced by moving 
the instrument to as many 
other stations m turn as 
are required, and taking 
back and fore sight read- 
ings as already explained : 
this simplifies the work 
and renders the booking 
very straightforward, but 
unless the sections are very 
long, and a considerable 
distance apart, it entails a 
great deal of unnecessary 
labour and loss of time 

An alternative method consists in setting out the cross-section lines 
with the chain, marking pomts at which levels are required by means 
of “ whites ” or twigs, and booking the readings, then levelling the 
accessible portions of several sections from each instrument station. 
If the readings are to be taken at even distances, e g. every 25 ft along 
the cross-sections, and the “ whites ” are collected by the staff man 
from each pomt at which he holds the staff, the work can be quickly 
and easily done without confusion. Two men, in this case, can proceed 
with the chaining and setting out, while the instrument and staff men 
follow for the levelling operations , or, if only two men are available, 
the settmg out can be done first of all by the instrument and staff men 
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before they commence the actual levelling If tlie staff stations .are 
not at e\en distances the work is more confusing, but can be earned 
out if flic cliamagc distances arc previously booked on a slip of paper, 
mid entered m the level book as the readings are taken The instru- 
ment man can generally judge from Ins owti position if the correct 
points are being taken 

Example — Tlio tabic shows the application of this method to the cross 
factions shown on tho plan in Fig 140 The assumed instrument stations are 
indicated as I, J, I 3 , but of course many other positions aro possible and suitable 

Change points are marked (l) 

It is assumed that the 400 cross section has already been levelled, and that a 
fore Hglit has been taken on the point 100 ft to the “ right of the longitudinal 
line, emtig its reduced lesel as 31 20 ft abo\c some arbitrary datum The 500, 
GOO, 700, and 800 cross sections are taken together from stations Ij and u as 
show n m tho lovcl book 
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hand, if it is possible, the axis should be sufficiently high to enable 
readings to be taken on the highest points of the “ right ” sections. 

From the contours it is seen that the reduced level of the chosen 
position of I is a little over 37 00, and therefore that of the axis is 
approximately 42 00 (assumed 41 87 m the table) ; the position will 
consequently allow of a back sight being taken on (T), and will permit 
of the highest point 41 03 on the 700 cross-section being levelled. 
On the ground, of course, these facts have to be judged by the eye. 
Another precaution to be observed is that readings (particularly back 
and fore sights) should not be taken at greater distances than say 250 
to 300 ft , depending upon the power of the telescope 

After levelling, and booking m the manner indicated m the table, 
all stations within range, eg in this case the right sections of the 
500, 600, 700, and 800 pomts, it becomes necessary to choose a “change” 
point Often one of the main line pegs, such as the 800 point, would 
be suitable for this purpose and would form a permanent bench mark 
until the job was completed , but as the reading of the 800 point is 
only 10 66, probably m this case it would be advisable to choose 
another pomt at a lower level, eg a peg at ( 2 ) where the reading is 
(say) 12 54. 

Another instrument station I 2 is chosen, which will enable a back 
sight to be read from the peg ( 2 ), and at the same time include, if 
possible, the lowest staff station on the 500-800 left sections These 
lines having been levelled, a check reading might agam be taken on ( 2 ) 
as a fore sight, and the instrument set up at I 3 to enable the 900-1200 
left sections to be levelled after taking a back sight from here on to ( 2 ). 

A new change pomt ( 3 ) is then selected, as high as possible up the 
bank near the 1200 line, and the 900-1200 and 1300-1600 right sections 
taken, using this pomt @ as a back sight pomt for the instrument 
stations I 4 and I 5 in turn. 

It may not always be possible to take the cross-sections m two 
settmgs each, as in this case, but if three or even more instrument stations 
are required, the booking is done in a similar manner, so that the data 
for plottmg can be easily abstracted m the office from the level book. 

A longitudinal section may be plotted from the figures which refer 
to the mam line distances, but it is not generally necessary that it 
should be plotted to the same horizontal scale as the cross-sections ; 
the vertical scales, however, usually would be the same for each. 

For the method of calculating quantities from the sections, the 
reader is referred to Chapter XI. 

Cross-sections may also be taken with a theodolite, Abney level, 
or clinometer, as explamed m methods 8 and 9, pp 178 and 179 
(Contouring), or, if under water, by means of soundings 

Contours. — A cont our may be defined as a line of equal altitude 
UponJbhe^ArthS'Siirfap^ and is usually shown on a map lay a dotted, 
dot and dash, or other distinctive lme, or by colours, hatchures, or 
shadings Thus the boundaries or traces of the sections m which an 
imaginary level plane of 100-ft altitude cuts the various features of a 
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sidered to represent a contour of zero altitude. Consequently all 12' 
tour lines— though not necessarily upon any particular nhn nr 
must eventually form complete circuits The levels of the contour 
may, however, be referred to any arbitrary datum e a thTnST 
dj,imm-of~GxeatJBntamis^^mc;Z?/ at mean sea-level ~ — ^ 
Contour lines are not of necessity aboveihh-level, those under water 
bemg frequently determined by means of soundings. The hewhts of 
these may be stated in negative values and referred to mean sea-level 

altitude 81 ^ 6 Va U6S ’ reference to som e arbitrary datum of a lower 

ThejjerticaLdistancegJb^tween.the consecutiye,contonr lines shown 

on a plan are. .known as, “Contour 
Intervals,” and the magnitude of 
these depends upon several factors, 
such as the expense to be incurred 
in their determination , the scale to 
which the map is to be produced , the 
nature of the country, eg whether 
mountainous or otherwise, and the 
purpose for which they axe required 
An area may be contoured, ic 
the position of the various contour 
lines determined, by several different 
methods, the chief of which are as 
follows 

I A mam Ime is chained and 
pegged out on the ground, and its 
position ascertained with reference 
to a sufficient number of fixed points 
to enable it to be correctly plotted 
on the plan Gross - sections are 
taken in the usual way, at various points along its length, a Dumpy 
other level bemg used for the purpose The section lutes are lightly 

. 11 1 . . __ 7 XT. I > _ - _ J xl. _ cnofionQ UTinn 



VJt VVUWX Wt. WVAUg UWVAA l/UW J.MV — V ” 

plotted in pencil upon the plan, and the complete cross-sections upon 
other paper Horizontal lines at the required intervals are then drawn 
on the sections, and the points of intersection with the ground leiel 
noted, eg a,b, c, m Fig 141, after which the horizontal distances ot 
these intersections from the mam line are plotted on the section lmcs 

As an alternative, each section may be plotted lightly upon its plan 
line as a base, and the pomts of intersection projected down to > 
to give the required pomts on the plan thus in Fig 141 the 
6 would be plotted on the lme 6, 6 m plan, and the points <*« i> 
projected down to to as **', etc After™!. “i 
required are erased, and the contour lines completed ty joim c P 
all the corresponding points so obtained. 
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pricked through on to the plan to give the 130, 135, and 140 contour 
points 

In this way, when the spot levels have been plotted, the contour 
ines may be very quickly and accurately interpolated 

If desired, each thick line may represent a 1-ft , 10-ft , 50-ft , or 
ither interval as the case may require. 

Another method of interpolating the contours between points of 
mown altitude on the plan is as follows 

Let the two pomts m and n m Fig 144 have reduced levels of 127 1 

rad 148 3 ft respectively. 

An y convenient plotting scale is laid on the jiaper with the point «t 
joincidmg with 27 4 graduation, and m such a direction wr as will 
nve good intersection in the following construction The 30, 40, and 
18 3 graduations are marked on the paper at p, q, and r, a set square is 
ilaced along the line joining r to n, and parallels are drawn through? 
md q to intersect the lrne mn m s and t, when s and l he on the 130 and 

l4 °Tte taws shown dotted in the figure need not he ^awn, os tk 

points a and t may be marked tilth dots 
while the edge of the set square lies along 

ps and qt respectively 

3 The “ cutting points of the 
several contours with each scction lmc 
m either method 1 or 2 may be found 
by trial m the field and the chamagM 
booked direct, thus obviating the nee* 
sity of plotting the cross sections in tlv 

° ffi Thus if the back sight ^rngonto 
a bench mark or a change p > ^ 

taced level of which Ji + ( 3K-33 34 ft rfioVe “datum Co* 
trument axis is 29 76 + 3 o j i_ nn the section line until, b\ 

xir nt • 
- 23 “" ,Mr 

tdmg is 8 34, and on the 20 contour, 13 found by tin* 



Points at intervals along each contour (] ^ 
ne method of trial, and pcgged out on tlie g , mB „ 

othm pieces of stick, after winch « °h»m ™ ( o V r h m the »*! 
i pound and the contours eurveyed hy mean , 

nner To enable the work to be ptotM, ^ ^ |M 
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the plan to enable the required contours to be interpolated as explained 
in method 2 

6 For small scale topographical maps, if the reduced levels of a few 
prominent points are determined, the contours may be sketched on 
the map with sufficient accuracy, judging their position and shape 
by the eye 

7. A theodolite may be used instead of an ordinary level, in which 
case the line of collimation need not be horizontal, but may be inclined 
at any convement angle approximately parallel to the slope of the 
ground. Thus m Fig 145 the instrument could be set up at the pomt 
of intersection 0, and readmgs taken on the staff at various pomts, 
with the hne of colhmation inclined downwards at an angle (a) 
say 

The reduced levels of the staff stations may be calculated m the 
usual way after adding an amount d tan a — the values of which can 
very readily be deduced on an ordinary shde rule — to each, where d 
is the horizontal distance from the instrument to the staff station, or 
d' sm a, where d' is the slope distance Or preferably the cross sections 
may be plotted very quickly by measuring the actual readmgs down- 
wards from the plotted inclined hne of 
collimation as in the figure. Similarly 
the chamage distances, if measured along 
the slope, may be plotted directly along 
the inclined datum hne, or the horizontal 
distances may be deduced from the slope 
distances as d' cos a. 

In order to draw the inclined hne of 
colhmation upon the plan, or m order to 
calculate the reduced levels of the staff 
stations, it is necessary that the reduced level of the instrument axis 
shall be known 

This may be determined for each position of the theodolite . 

(i ) By taking a sight on to a levelling staff held upon some 
permanent or temporary bench mark of known altitude, preferably 
with the hne of colhmation horizontal Thus if a reading of 7 46 is 
obtained on the staff placed on the top of a peg 80 60 ft above datum, 
the reduced level of the instrument axis — if the line of collimation is 
horizontal — is 88 06 ft. 

If the telescope is inclined at an angle a, and the horizontal distance 
from the mstrument to the staff is d n , the reduced level of the axis 
is 80 60 +7 46 ±d"tan a, according as a is an angle of depression or 
elevation 

(n ) By ascertaining the reduced levels of the various instrument 
stations by direct levelling before setting up the theodohte : then 
measuring directly the height of the axis above the peg marking the 
particular mstrument station 

Thus if the theodohte is to be set up at the intersection of successive 
cross sections with the longitudinal section hne, these points may be 
pegged, and their levels ascertained m the usual manner with a dumpy 
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or otlier level before commencing the cross sections unless the nm 
are driven flush with the surface, two levels are required at each point 
viz. that of the ground, and that of the top of the peg , or if a readme 
is taken on the top of the peg only, the amount of projection above 

scrt,™ 0 to bc pSd 40 CmliI,! a °° rre0t 

25 ESif- 

8 The longitudinal section levels having been taken in the usual 
manner w ilk a dumpy ” or other instrument, the contouring may 
be executed with a simple hand level, Abney level, or clinometer as 
follow s • 

Let the reduced level of the longitudinal section peg A be, say, 
81*43 this figure being entered in the contour book from the 
figures furnished by the levelling party before the contouring work 
commences 

A ranging or other rod is held vertically upon the peg A, and the 
hand level or other instrument is steadied by resting it against a nail 
driven into the rod at say 5 ft above its lower extremity The 
reduced level of the instrument axis is consequently 8143+500= 
8G 43 ft 

To determine the 80 contour, the contour staff must be taken down 
the slope, along the cross section line as set out with an optical square, 
until a reading of G 43 ft is obtained by sighting the staff through the 
aperture of the instrument, while at the same time the bubble is seen 
by reflection to be in the centre of its run. 

Similarly, up the slope, the 85 contour is determined by moving the 
staff until a reading of 1*43 ft is obtained. 

The distance from the mam line to the contour is measured with a 
tape and booked as below 

To proceed to determine the 75 contour, the instrument man moves 
to and occupies the position located as the 80 contour, while the staff 
man moves the staff down the slope until a reading of 10 00 ft is 

obtained , 

Similarly to determine the 90 contour the instrument man proceed 
up the slope until he finds by trial a position from which the reading 
on the staff held upon the 85 contour is 10 ft , 

An alternate method may be employed to determme the secon 
and Mowing contours, eg. the 80 contour having been located, tn 
staff man remains at that point, while the instrument m P 
ceeds down the slope until he finds, by trial, a position 
he sights exactly to the foot of the staff, when t 
fs level and 5 ft above the ground His ranging rod then 
the 75 contour, and the distance from the 80 contour is t p 

b °°The 70 contour is found from the 75 position ^ 

Similarly when proceeding up bank, the instrument man mov 
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5 contour and takes the position occupied by the staff man, who 
up the slope until he finds by trial another position at 

rhich the loot of his staff is just on the same level as the eye of the 

“sZeto™tlo staff is used to determine only tie first contour 
,n eacl side of the mam toe : for the remammg points the foot of 
hp staff man is sighted instead of the foot of the staff. . 

Such methods S may be sufficiently acoiirate for scale 

out it is preferable to adopt the method of srghtmg to the 10 to. ma 
rm the staff for more accurate work— especially if there is long gras 
which may tend to hide the lower portions of the staff or the staff ma 

£ °°The horizontal dimensions that are booked may be either _ the 
distances from one contour to the next or they may be the total 
distances of each contour from the mam line. 

Tto foHomng stows the method of booking the Antonis wteb 
are detoeated ol the plan in Fig. 146 ; the distances being entered 
as they are measured m the field. 


120 

110 

100 

90 

80 

10 

48 

83 

124 

171 

120 

110 

100 

90 


3 

40 

80 

127 



In the central column are shown the horizontal distances along 
the main longitudinal section toe, with the reduced evete of the u™ 
noints abstracted from the level book. To the right and left are shown 
?r"offte contours with the respective horizontal distances 

^Tto^Sff^be an ordinary Sopwith levelling stafi-or a more 
simnle nattern with clearer graduations reading to T yh of a foot y 
8im fe™duced levels of the longitudinal s^a^ ^ 

toss^ctionsm^to leSS vnththe 

kmei# .T«? s?g=S3i2 

me H thSlJne of ae pound is not uniform a number of sights maybe 

taken over consecutive lengths, and ™ the distance 

form— the inclination being placed above the line ana 

over which the slope is constant below. 
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the levelling party ve 8 as P reviou sly determined by 


o 

O 

17° 
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-15° 
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15° 
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-14° 
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O 
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75 

150 

700 00 

110 

45 




160 - 


195 4 


— -J709 


159 - 0 " — — _ 


Tie cross sections may be plotted directly from these figures mth 
a protractor, provided that the vertical and horizontal scales £e equal 

and the contours may then be inter- 
polated as in method 2 If the cross 
sections are only required for the 
location of the contour lines, squared 
paper may be used with advantage 
An alternate method of inter- 
polating the contours is to tabulate 
the results in a table such as (I), 
when Z represents the slope distance, 
or (II ), when Z represents the hori- 
zontal projection 

Thus if the measured distances 
are slope distances, the horizontal 
projections are represented by Z 
cos a, and the vertical differences 
by Z sm a 


no-- — __ __ 


^ am ~ zJ^-L/ne 


_ 

193-6 

90 -+ 

■658 


1 915 


<£// 


I'm 140 


If the horizontal projections are 

measured directly, the vertical differences are represented Z tan a 
The reduced level of the last point of each length is equal to that 
of the first point ± the vertical component Z sm a or Z tan a 

A number of spot levels are thus deduced, from which the contours 
may be interpolated as explained m method 2 and Fig 143. 1 
Fig 146 shows the spot levels deduced from Table I. 


1 See also “Contouring mth a Clinometer and the Application of Alignment 
Charts to the Reduction of the Field Notes,” by W N Thomas, Proc Inst M and 
Cy E vol aJvu p 2 89 
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Table II 
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a*. 

tana. 

Ztana. 

Reduced 
Le\el of Last 
Point 

700 




1202 

110 

-14 

249 

-27 4 

92 8 

45 

-10 

176 

- 79 

84 9 

150 

15 

268 

40 2 

160 4 

75 

18 

325 

24 4 

184 8 



etc 




10. To dispense with chainage operations, the contours may be 
interpolated from “ spot levels,” the positions and altitudes of which 
are determined by means of a tacheometer or omnimeter, as explained 
in Chapter Yin. 

11. Contour hnes under water are determined by means of sound- 
ings, and spot levels, or either parallel or radiating cross sections may 
be employed 

The methods of locating and reducing soundings are explained m 
Chapter XIL 



The Use op Contours 

General — A great deal of general information concerning the , 

character of a tract of country is obtainable by mspection of a map 1 - 4 

upon which contour hues are delineated ; whether the country is , ’ 

mountainous, hilly, flat, undulating, gently sloping, intersected by{ 
ravines, well watered, etc. 

E g. the sketch map on p. 183 shows that near A, where the contour 
hnes are close together, the ground is very steep, and at B, where several 
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contours coincide, there is a vertical cliff , the contours near C on the 
other hand are widely and evenly spaced, indicating that the ground 
m that vicinity has a gentle and uniform slope , near D the country 
is undulating and there are a number of small hills 

Dips injfche contourjines indicate valleys, as at E, or ridges, asat 3? 
It„is ^ome£nies,d.iffi*cuIt_at .a glance" to distinguish yalleys from ridges 
pnlessjrixejsprjitherjiaturaLwatercourses are shown , these naturally 
follow the valleys, and the dip of the contours is towards the source, 
t e upstream 

If the values of the contours are noted, the distinction can be 
easily made, e g t]ieJngherj«ihies. are inside the loop.when a ndge is 
shown, while m t he case of.a yalley,the lower values aremsidethe loop 
If the contours are figured on a definite system, % e if the figures are 
always placed on the upper side (say) of the lines, the direction of a 
slope can be immediately grasped without actually studying the exact 

values of the contour lines , . 

Engineering — The most economical or smtable site for engineering 
works, such as a road, railway, canal, sewer, water-main, reservoir, 
etc , may be approximately chosen by the inspection of such a map, as 
steep gradients and expensive cuttings and embankments may b 
avoided by approximately following the contour lines 

The contours on a general map would of course only be sufficiently 
r or t v. e general design of a scheme, and the exact route or site 
uould be finally determined after an inspection of the actuai distn^, 
while the quantities for cuttings, embankments, etc , would 

cen£ such a scheme «****£ t 

all data for longitudinal and oca se ^ a Jd and the edges of 

2n^nremtffie,a“d other detads to be detemnned (see 

contoured map ,s of g- "jtg 
operations It furnishes a conunander with a genera^ ^ necessary 
dmtnct, and enables him to see ^hich p untenable , 

to occupy , which positions are tenable and Jf^„ ar t he probable 
the best positions for his ‘ of march, and most 

positions occupied by the enemy s f > (t „ ^ and which 

vulnerable points ; which positions are m dead gr 

are exposed, etc. lower contours are 

Hills which are convex, te Mis o m and unless a 

closer than the upper, ^T^und provide a convenient 

cross fire can be b ^ g ™iiftaooSf„r?finalassanltonanente®ehed 

sheltered spot in which to y P TTills which are concave, t & 
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nt the points nt which this line is intersected by tbc various contour 
lines, the altitudes of the points marked off along the perpendiculars to 
any com ement scale, and the section completed 

In the second case the intersections of the various contours may be 
transferred by means of a scale, or by marks upon the edge of a strip 
of paper, and a separate section constructed, as m Fig 147. 

From this particular section it may be deduced that 

(1) Infant n at 13 x would be invisible from E and conversely. 

(2) ,, II „ ^ >> G ,, » 

(•)) it » visible ,, 6 ,, „ 

If during sun eying operations it was desired to sight from G to H, 
it w ouhl be necc^ar) to erect a signal nt H, and the height of tbs, 
so that the ray OH shnll clear the summit at D, may be determined 
from the section 

For instrumental observations, the ray should be well above the 
ground at J) to prevent the introduction of errors due to uncertain 
refraction at that point 

Curvature and Refraction —For long sights, or for very accurate 
work in lc\elhng operations, allowance must 
// be made for tbc fnct that tlic line of collima- 

. lion . o f a tel escope. is jiot- a line, of „ equal 

I A altitude, i c is not a level line 

ks \7« -'tho fatter is approximately-a. circle, jts 
/ //j\ contre_bcui£-atJhe cmtrejaf_JJiaeardi,.\dille, 

/ / \ Ola effert- o£ -KfaoboaJjo-aeglcotecDio 

/ / \ former line is straight nnd.tangential to tbs 

°/ Thus “m Fig. 148 let I represent the 

\ / / position of the instrument avis, IA the line 

\ / / of colhmat ion of the telescope, IBC the hne of 

\/ </ equal altitude through I, and 0 the centre of 

1 in 1 IS lh °Now a staff is said to be held vertically at 

Cunnturc nnd Hcfrntiion any position, when its length ‘ 

direction of gravity-as indicated by a plumb 
hob so that a staff held vertically at A wall he along the line ABUiv, 
nnd the difference between the level and the horizontal lines g 

* m Comparing the altitudes of ^ 

distances dow nw ards (i c tlic staff readings) from the Jne at com 

iCWcd riM t. >h 

Jiy Euclid III 3°. AB AC . AB (AB+BC), 
or, «s AB ib generally vory small m compare with the tame « ° 
the earth, BO, AI 2 = AB BO 

or ^"BO’ 
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AB (in miles) = 


JCP_ 

7916’ 


where D is tlie distance from the instrument to the staff station in 
miles , and the diameter of the earth is considered to be 7916 miles 
approximately. 


AT> • , , 5280 -r,o 
/. AB m feet = . D 2 

= 66D 2 nearly. 


m 



i 


v 




Owing to refraction, however, the hne of colhmation is not a straight 
lrne, but is usually bent downwards as I a, the amount varying very 
considerably as the climatic conditions alter (see Chapter VII). 

Taking the correction for refraction to be, on an average, about ffch 
that for curvature, and m the opposite direction, then the total correc- 
tion for curvature and refraction (aB) is about 

*57D 2 (2) 

Example. — (I C E ) In levelling across a nver the horizontal web cut the 
underside of a signboard 14 35 ft above the level of the ground, the distance 
being 2 miles 5 chains from the instrument The back sight to a B M. close by 
was 7 25 ft, the level of the bench mark being 52 80 ft Determine the level of 
the ground at the signboard 

The correction for curvature and refraction m a distance of 2 miles 5 chains, 
i e 2^v=2 0625 miles is *57 X (2 0625) 2 ft —2 425 ft 

The distance of the ground below the edge of the signboard, t e below the hne 
of colhmation, is 14 35 ft But at the signboard the level hne through the instru- 
ment is 2 42 ft. below the hne of colhmation ; so that the ground js there 14 35 
—2 42=11 93 ft below the level of the instrument axis 

Agam, as the reading on the B M. is 7 25, the reduced level of the axis is 52 80+ 
7 25= 60 05 ft , so that the ground under the signboard has a reduced level of 
60 05-11 93= 48 12 ft above datum. 

Dip — It will be noticed that the same formulae (1) and (2) can be 
applied to determine the distance to the visible horizon I (Fig. 148) 
from a position A (or a) at an altitude AB (or aB) =Ji ft., say. E g. 
by applying formula (2) 

• (3) 

or if h is not negligible compared with the diameter of the earth d, 
then as 

AI 2 = AB (AB + BC), 

D= *Jh(h +d), . . . . (4) 

where all dimensions are expressed in the same units 

The Dip of the Horizon is Z. HAI, where AH is the horizontal line 
through A, perpendicular to AO, and the value of Z. HAI in radian 
measure is the arc BI divided by the radius OB, because Z.HAI = Z.AOI. 

The arc BI is approximately equal to D, as given by the above 
formula 
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In connecting the triangulation of Spam with that of 
Algeria, electee light signals were viewed across the Mediterranean 

-assimmg that the Spanish mountains were 9000 ft high and the AWmn 
mountains 3000 ft high, and that the rays from the signSjuT^dlS s£ 
h °J f ar apprpmm ately were the stations apart, omitting the effect of refraction, 
and taking the diameter of the earth at 8000 miles, 

Tr J* 5 position at which the rays graze the sea, thenif the distance from 
to the ^pa rish mountams=D 1 miles and to the Algerian mountains^Dj miles 

I>1==J V^I^5 ( 80M ^^) = s/l 705 (8001'7)=11G 7 miles aht, 

D«=\/ £2gQ ( 8 ^~ 52 So) = J *57 (8000 6)= 67 4 miles abt. 
therefore the total distance is about 184 1 miles 
Or by applying formula (1), 

Di= V^77T =116 78 miles (by logs). 


Do= 


= /8000 


•66 


67 4 miles (by logs), 
184 2 miles abt 


Taking into account refraction, 

72 ”■ 

198 2 miles aht. 

Example . — TVhat is the dip of the horizon from the top of the Spanish 

mountains in the preceding example J cri , w f ]l0 

The distance to the horizon, allowing for refraction, is 12o 66 miles, so that t 

angle in radian measure 9-66 

~l£oo approx ' 

= 0314 radians, 

= r-4S' nearly. 

Eeriurocal Levelling— The corrections for curvature and refraction 

sS3«fi«a3S5SSSf5 

. correction formnin, tbe^nracy K ns 

This may be accomptahed by meaj of the op« ^ ftf 



^5^enf*set np afa position A near o, and readings 
upon stags held at a and at b. 
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iBs^ett'LXrafL^r^ 1 ^ ?»«k the ams Of the 
the three pomte l^ lH 1 1 *’ and the *»* °1 collimate, 
as the distance A^s sma/ ^ b g pracfclcaU ^ coincident ( =«' say) 


^ ♦ »d a a- (b^b - b 2 b s ) — a* a - b z b + c, . # (5) 

an< refracti0D 

now moved to a position 
E near b and readings 
again taken on the 
points a and b 

Preferably the two 
sets of observations, i.e. 
from A and from B 
should be taken simul- 
taneously with different 
instruments, as other- 
vise refraction may pos- 
sibly alter during the in- 
terval. In this case, how- 
ever, special care must ,, 

&«« *£ ehimnate 

both lustrum™ ts r0rSOf 149 — K«=>procal Levelling. 

thelevfl Siemths°£te?e ^ ^“ a the lm ® of °° 11 ™‘>tion, and fa, 
Ulerenc is n<w °*~P'b, and the true 

d = (a 2 a~a z a 3 )-fi'b 



fi 


-Cstft 





and hh-kfi, -6A-e, 

From (S) “^.T' 

and from (6) * , 

therefore by addition, and dividing by 2, 
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It may be noticed that if a is only slightly below b,ie if the true 
difference m level is less than c, then the apparent difference in level, 
as obtained from B, may indicate that a is higher than b unless the 
correction is applied 

The application of reciprocal levelling to trigonometrical observa- 
tions is shown on p 212 

Example — In levelling across a wide river the following readinge were obtained 
(Fig 149) T _ 

' ° * -n ■ « _ n mr» l r? AO 


From A on to a 3 76, 
„ B „ a 6 10, 


on to b 5 92 
„ 6 8 22 


If the reduced level of a= 52 80 ft , what is that of b ? 

From the observations at A, b is (5 92— 3 76)= 2 16 ft below a. 

„ B, b is (8 22- 6 10)=2 12 ft below a 
The mean of these, = J(2 16+2 12)= 2 14 ft, may be taken as correct, so that 
the reduced level of b is 

52 80 - 2 14= 50 66 ft above datum 

The Measurement of Small Vertical Angles by Means of the Spirit 
Level Bubble— The spirit level consists of a cylindrical glass tube of 
uniform curvature along its longitudinal axis, sealed at the 
almost filled with alcohol, ether, chloroform, or other suitable I qmd, 
while the remainder of the tube is occupied by an am or vapour bubble 
The top surface of the tube is graduated from the centre outwards, 
and the extremities of the bubble should he at equal distances from t 
pontTfll mark when the line of collimation is horizontal 

O^SlIy rt is necessary “ to determine the value o! a 

so ^ *gr. 

rCadm^rSta^thont ac— « £«* 
and also for the measurement of very small angles of 

deP Tra“ertam tins constant, a stafi stetson 
distance, say 300 ft .from theinstrmoent and ond 
the staff held there, firstly with the Rubble m l its « ^ ecfcion 
then with the bubble displaced a fewdnaaras i bubble being 

A number of observations f WjTO toward8 the eye- 
accurately read each tune ’ Q ® bers b to wards the object g!ass—the 
piece for some readmgs, and , ’ n divisions Let the 

q 180x60x60 seconds, and the value of 
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s 180 . 60 . 60 ■, 0 , , . , 

~3 * — — seconds or, say, 3 seconds for a precise levelling 

instrument. 

Also if l is the length of one bubble division in parts of a foot, and 
It the radius of the bubble tube in feet, 


A= s 

R 3* 


so that R is approximately AA 

s 


See Example 6, p. 206. 

Setting Out— The inverts of channels, conduits, sewers, etc, are 
set out to their proper gradients by means of sight rails, and boning or 
travelling rods 

Sight rails consist of long horizontal rails spanning the trench and 




Fro 151 — Travelling Rod. 


nai i J°^ • three Y ertlcal P° sts > the lower ends of which are firm! 

(M 1 ) 01 « «*■ “1 ** 

id r0d (Flg \ 151 ] consists of a long shaft across whicl 

is nailed a small transverse head— much like an ordinary T square 

U 5 P f 6 ? ge f Slgllt rai1 18 set truly horizontal with { 
smaH hand level, and the line joining the top edges of two conse 

cutive rads is adjusted, by means of a dumpy or other level, to th< 
wOTks gradlent that lfc 18 reqmred t0 glve mverfc of the proposed 

For concrete conduits the excavation having been taken dowr 

KZ f ' re r red de P^ templates arf placed temporal 

m position The travelling rod is held vertically upon the centre oj 

tur “> r /P°n pegs which serve the same purpose), 
and by sighting from the edge of one sight rail to the next, it is observed 
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whether the head of the rod is in exact alignment If not, the template 
must be raised or low ered until the three edges are m hne The length 
of the travelling rod being constant between any two rails, the invert 
is thus set out at the required gradient parallel to the imaginary hne 
joining the edges of the sight rails 

In the case of a long sewer, or channel, the setting out is done m 
two or more lengths, each sufficiently short to enable the sight rail 
at one end to be clearly seen from the other end— say 200-250 ft , and 
the work is generally commenced at the lower or discharge end 

Although it may be required to provide the invert with a uniform 
gradient, it is not necessary that all the sight rails shall be m one line— 
t c. that a constant length of travelling rod shall be employed through- 
out the whole scheme This length, though constant for any one 
section, may vary for different sections, which are then entirely 
independent of each other, except that the invert is made continuous 
The travelling rod is, for that reason, often of an adjustable pattern, 
as in Fig 151 . m this example an iron shoe is shown to enable the 
rod to be held on the invert of a sewer pipe, without induing it from 
the vertical. 

Example —It is required to fix sight rails for the setting out of a sewer, 
at an inclination of 1 in 250, the depth at the lower end being 10 5 ft. below a 

convenient length AB, say 200 ft , is measured in the required direction 
from A, and uprights fixed at A and B The fa»l m the invert from B to A is 

therefore £££= 80 ft 
n If the length of the travel- 

fncfm VJ}Z50 XJ[ ling rod is fixed, say 16 ft, 

j r » r * . yi the horizontal rail at A is 

Wfj ;.v. naded to the uprights at this 

1 ,V SO Line of Co film ab on ■ , distance above the discharge 

• SIS* S 702* level— or 450 ft above tho 

hi ’ tn pcgA 

— : i i If not, the sight rail at A 

.'j '* B may be fixed at any convenient 

1500 . height above the ground, and 

'a i.! the length of the travelling rod 

15 f° i adjusted to suit 

| ; ’ The rail at Bis now to be 

! | 798 fixed at such an elevation that 

• i • the hne joining the top edge 

5 S S to the top edge of the rail at 

' • : A has an inclination of 1 m 

• i 7 250 t Invert — X. 250 towards A, te the raua 

X to be SO ft higher than 

Fig 152 that at A p 

If the ground between J> 




Inflm 7/n 250 *- 
Fig 152 
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reading on the rail at A been less than *80 ft., for instance say 26, the staff on the 
rail at B would not be intersected by the line of collimation, and consequently 
it would be necessary to observe a reading— say 3 78 upon a peg below the 

Thus as the rail at B is to be 80 ft above that at A, and as the rail 
at A is’ to be 26 ft below the line of collimation, therefore the rail at 
B is *54 ft above the line of collimation Again the peg at B is 3 <8 ft 
below the line of collimation, so that the rail at B must be fixed 3* /8+ *51 4 32 

^ Ce This distance may be measured conveniently with the levelling staff, while the 
rail is levelled with a hand level and nailed to the uprights. * 

A more general case is shown m Fig 152, where both rails are above the lino 

of collimation of the telescope 

The reading on the peg at A=3 16 ft say, and on a peg at B — 4 88 ft. The 
length of the travelling rod= 15 ft say. 

The height of the rail A above the peg A is therefore 15 00 - 10 50=4 50 ft , 
or 4 50 - 3 16= 1 34 ft above the line of collimation The rail at B is 80 ft 
higher than that at A, i e 1 34+ 80= 2 14 ft above the line of collimation But 
the peg B is 4 88 ft below the lme of collimation, therefore the rail B is 2 14+ 4*88 - 

—1 02 ft above the peg at B 

The depth of the sewer at B is 15 00 — 7 02= 7 98 ft. 

The rail at B in this case is a little too high to be used without a platform of 
some fond, so that unless all the sighting is to be done from A, both rails should 
be lowered, say 1 50 ft , and the travelling rod shortened this amount to enable 
the niigmng to be done from either end 

For the prolongation of the sewer the rail at B may remain in its present 
position, and the same length of travelling rod used for the next section , or it 
may be raised or lowered to suit the next station O, provided that a correspond- 
ing change is made in the length of the travelling rod for the section BC. 
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Precautions — -A few additional points, the observation of which 
tends to ensure accuracy in ordinary levelling, will now be mentioned. 

The telescope should be correctly focussed and parallax eliminated ; 
the large bubble on the telescope should be brought accurately to the 
centre of its run, and the hand removed from the eye-piece and from 
the legs of the instrument for all back and fore sight readings ; and 
these turning-points, for any one setting, should be about equidistant 
from the instrument The reason for this is that if there is any error 
' due to the line of collimation not being parallel with the axis of the 
bubble tube (see adjustments 1 and 2, p. 147), the effect will be equal 
„ . for both readings, and consequently the true difference of level between 

the back and fore sight positions will be obtained. Intermediate 
, points will probably be slightly inaccurate, but an error m these 

will not carry through and affect all the ensuing work as would be 
the case if a back or fore sight were m error. 

A frequent case in which an error is introduced, due to the back 
and fore sight distances being unequal, occurs when a line of levels 
is bemg run up or down a steep hill 

Thus in Fig 153 let A, B, 0 be the successive instrument stations 
and a, 6, c, d the correspondmg back and fore sight stations. 

, The average height of the telescope above the ground on which the 

instrument is set up may be taken as about 5 ft., and the length of 
f staff generally employed is 14 ft 

Consequently for points lower down the bank than A the readings 
from that station will he roughly between 5 00 and 14 00, while points 
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fca^mum iomratel isSoSttat c*”? bet 7 t en 0 00 mii 6 00 

quenfcly B cot 6 j£Z MUnd9^Td^i^\ A are “«‘ 
average of (to p ol md H (to^/Mf 0 ° “ t 

equal, each will be very roughly 5 cot 0 ft w / g rf L A re made 

ffia-^-SfSwSsSa 

®° t* ^ ovedj rou gWy 3 40 per cent more times 

If the maximum distances are sufficiently small to be unrestricted 
on account of want of distinctness of the image, m order to save tune 
and labour the natural tendency of a Surveyor will be to work over 
the whole range of the stag 

Now suppose that the line of collimation is not parallel to the bubble 
axis (i e that adjustment (2),p 147, is incorrect), but is tilted slightly 
doivn wards, so that in levelling up the hill — the instrument being at A 
--tile back sight reading is aa 1 and the fore sight reading Ml, and let 
the horizontal Ime through A 1 cut the two positions in a n and b 2 respec- 
tively, making the error at a equal to afy and that at b equal to b t b 2 

Then as the triangles 
OjA 1 ^ and b x A}b 2 are 
similar, a x a 2 is much 
greater than bjb 2 (ap- 
proximately a 1 a 2 =^b ] b 2 
= 18 bjb 2 ), so that b, 
which is actually higher 
than a by an amount 
(aa 2 - bb 2 ) , is apparently 
an amount (aa 2 - bbj) 
higher. 

But (aoj - bbj) = ( aa 2 - bb 2 ) - (a x a z -bjb 2 ), so that the altitude of / 
b above a so determined, is too small by the amount (%ff 2 ~ &A) 
or approx ‘8 bjb 2 

Similarly the altitudes of c above b, and of d above c, etc , are too 
small, and hence the height of the hill is apparently not so great as is 
actually the case 

It will be seen that the error is exactly the same in levelling down 
the hill, e g the point a is apparently not as much below the level 
of 6 as an instrument m correct adjustment would indicate, and the 
error is {Oja z - 6 1 6 2 ) as before, so that it is quite possible by levelling 
to the top of a hdl and down agam to the same or another bench mark, 
to determine wrongly the altitude, although the closing error on the 
final bench mark may be quite within the prescribed limits of accurncy 
Wken the line of collimation is m correct adjustment, <v? 2 
bA are each equal to zero, so that no error is introduced when the 
back and fore sight distances are unequal It is, however, alway 
advisable to make these distances equal when m case of want ot adjus 
ment ck a* is equal to bj> 2 and the final error is eliminated 

Anexpression for the error in the apparent altitude may be obtain 

as follows . 
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Let e be tie error in a horizontal sight of 100 ft , due to the line 
of collimation not being parallel to the bubble axis. 


Then 


&i & 2 


e . 5 cot 6 
100 


But m moving a horizontal distance of 14 cot 8 towards the summit 
of the lull, the error introduced, under the assumptions stated above 
— 8 6j6 2 , and therefore the total error, if the horizontal projection of 
the slope is H or the total height V, becomes roughly 


or 


• 86 x 62 *H _ 8x5 cot 0xexH _ 1 tt 
14 cot 8 100 14 cot 8 350 

iv.c cot 9, 


Thus if e— 02, 8 — 5° and V = 45 ft., the error is 03 ft. 

The effect of the divergence of the bubble from the centre of its 
run is to tilt the line of collimation, and so introduce an error the 
magnitude of which is discussed later. 

Back and fore sight readmgs should always be taken, where 
possible upon some firm and substantial object, such as a large stone, 
a kerb, a peg temporarily driven m for the purpose, etc It is not 
necessary that all such positions should be permanent points, but in 
a long line of levels it is advisable that a certain number should be so : 
then m the case of an accidental disturbance of the level, and the dis- 
placement of a back sight station before the corresponding fore sight 
reading is taken, it is not necessary to commence levelling again from 
the starting-point, but operations may be recommenced from any of the 
“ bench ” marks so left. Also in the case of a large final error, the bench 
marks (or change points) may be relevelled, and so separate sections of 
the work quickly checked, making it possible for the mistake to be 
approximately located, and so probably limiting the relevelkng to a 
small portion of the ground. 

On soft ground and for want of a better change point the staff may\ 
be held upon an arrow pushed up to its head m the ground, the pressure 1 
being distributed over a larger area by means of a second horizontal; 
arrow passing through the loop of the vertical arrow. 

The mstrument station too should be on as firm ground as possible* 
as m marshy and soft ground any movements of the instrument may 
displace the bubble, and so cause the readings to be m error. 

The levelling staff should be held as nearly vertical as possibles 
and for accurate work a spirit level attached to the back of the staff is 
often used to indicate to the staff man when this condition obtains.! 
A plumb-bob or pendulum device, arranged to hang suspended exactly! 
over a specified position, or through the centre of a fixed horizontal! 
ring, is also used. 

For ordinary work, however, the staff man is left to judge with his 
eye the verticahty of the staff, though the mstrument man can observe 
the truth of this in one direction, by comparison with the vertical 
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webs of the diaphragm lie may then, if neccc*in . call “ Tu|mffu« i, 1 ' 
or “ Top to you/* or motion to the staff nun the fart that the r ’ v i* 
out of perpendicular 

If the levelling staff leans directly toward-* or nwa\ from him, t ' 
instrument man may be unaware of the defect, m v.hi< h ia«* a rr \ h. ; 
which is always m excess of the true \.duc is obtained Thus 0 « 
is cumulative, and for this reason it i* olmnuslv important tint -1 . A 
care should be taken to eliminate it If the true staff revlnti! t * f i 
deviation of 0 1 m cilhir direction, from tin* \crtual, will can - t ? ’ 
reading to be 7 sec 0, which gnes an error of l («cc 6 - 1) ft (If l>' 
li ft and 0=3°, the error is 02 ft ) 

An error from this source is very liable to nri-e when leu ding up 
or down bank, particularly for readings near the top of thr -t'fi 
It is often recommended that the staff should be pentlv w .u-i a, 
and fro by the staff man, through a small aimie on either Mde o. t'-> 

vertical, and the minimum reading hooked. , 

This minimum reading would be the true reading require! it 
point of rotation at the foot of the staff were m the Mine ' 

graduated face This is usually not the raje- e.tlur t hr ■ * 

rotated about a point under the centre of the staff, c g on ih J- * 
an arrow— or during the backward motion the point of rota « i ' • 
heel of the staff A reading (S) smaller than the true u-rtu il d>^ • 
(R) betw ecn the line of collimation and the station-point i" o\> an. 

CaC ul t ,^l,oTo"or, . 1,0 error „ von- small ,n,™> ,,M K l 
and the adoption of this procedure ma> elinmnte *rn> - - * 

roX* » S, and the Iron raiml d.-tanr- .a H. and !■ I - •< 
from "L point of rotation to the hen of Hm Mali l- Oh > 

S cos 0 ‘ T '•hi 0 - It, 

S -- R sec 0 - T t in 0. . . • * ' 1 

For S to be a minimum 

c/S ,, h» 0 _ T 0 
d0 U \oS0 

R . sin 0 
•in 0 


or 


t c. 


or 


T 

"«« " 0 

1 l ", 

T 

It * 


From (1) and (2) the minimum calm of ^ 
tlim I*' | f n « I " f 
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In rough weather it is almost impossible to get accurate results* 
with a level, as gusts of wind are liable to cause the bubble to deviate! 
from its central position, and so displace the line of collimation from| 
the horizontal position, and to bend and shake the levelling staff. 

Preci se L evelling, — For precise levelling operations, as already 
mentioned, speciat instruments and levelling staves are generally 
employed. 

The level is protected from the sun and wind by a screen or umbrella,, 
and the readings corrected, if necessary, for any alterations in the 
length of the staves due to changes of temperature. 

The coefficient of expansion of the staff material is about 0 000004 
per degree centigrade, so that for single readings or for work over 
moderately level country this correction is usually negligible. 

If, however, the altitude changes greatly, the sum of the back- 
sight readin gs will be either considerably m excess of or short of the 
sum of the fore sight readings. The cumulative effect of these small 
corrections then becomes appreciable, and hence it is necessary to 
apply the temperature correction to this difference in rod lengths; 
e.g. if H is the difference in elevation in metres, the correction to be 
applied when the average temperature is t° C. above that at which the ? 
calibration of the staff graduations is known is 0 004.£°.H milli - 1 
metres. 

A further correction which it may be necessary to apply is to allow 
for any variation in the length of the staff graduations from those of 
the standard 

For instance, if an mtercept indicated as 3 metres on the staff is 
really 3*001 metres long, and if the total apparent difference in altitude 
of two stations is found to be H metres, the correction to be applied is 

H x — ^ metres =sH millimetres 

O W 

This must be added if the staff is too long and subtracted if the 
staff is too short 

The length correction may vary from time to time, and the gradua- 
tions should be periodically compared with a standard. 

A third correction has the nature of an index correction, and is to 
allow for the fact that the zero of the scale may not coincide with the 
foot of the staff. 

The average wear of the foot of a staff on the New York City Levels 
was as much as 0 3 mm. per year. 

No correction is necessary if the index errors of the two staves are 
equal or if each staff is used alternately for a back and for a fore 
sight. Otherwise, if a is the difference between the two index errors, 
the correction to be applied is Na> where N is the number of settmgs of 
the instrument 

Check levels are taken preferably in the opposite direction to the 
original set, and often by a different surveyor ; but one operator may 
take his own check levels by running an independent line of back and 
fore sights alongside the primary line 
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To ensure complete independence, readings should not be taken on 
the two lines from one position of the instrument (except for occasional 
comparisons) — i.e the level should be set up anew each time for the 
check line, and possibly different staves used 

In order to facilitate operations for a single hne two staves are 
often employed, one A being held at the back sight and the other B 
at the fore sight station For the next setting of the instrument the 
fore sight staff B is kept at the same position to furnish a back sight 
reading, while the staff A is taken ahead to the next fore sight station 
Thus at any one station the same staff is used for the fore sight and 
the back sight readings there 

To eliminate error due to the possible settlement of the mstrument 
tripod and staff back sights and fore sights are alternately taken first 

from successive instrument stations 

Back and fore sight distances are made exactly equal, or a correction 
is applied to allow for any error due to curvature and refraction 
The distances are sometimes measured by reading the three webs of 
the diaphragm (see Tacheometry) m this case a mean of the three 
values is taken for the hne of collimation instead of the single central 

rCa Thf length of sights is limited (300 ft say), but the amount depends 

upon the particular mstrument employed. „ n+mns- 

F The work is also confined to times about midday when the atmos 
suberic conditions are favourable and refraction less variable 
P The Sowing are abstracted from the General Instructions for 

Precise Levelling m New York City 1 

mCe mOn ill sections upon which the forward and bnclnr.^ ■£££ ““ S 
mow than 40 „ 

•^s-cwsSsssa-aSis;, 

i Engineering Aew 1 rre 
vol 1», No 10, P «7 
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(11) The recorder shall keep a record of the rod intervals subtended by the 
extreme lines of the diaphragm on each back sight, together with their contmuous 
sum between bench marks A similar record shall be kept for the fore sight. 
The two contmuous sums shall be kept as nearly equal as is feasible, without the 
expenditure of extra time for that purpose, by setting the instrument beyond 
(or short of) the middle pomt between the back and front rods The two contmu- 
ous sums shall not be allowed to differ by more than a quantity corresponding 
to a distance of 20 m. 

(12) Once during each day of observation the error of the level should be 
determined . . . — (Note — This refers to the inclination of the line of collimation 
to the axis of the instrument ) 

(14) The instrument shall be shaded from the direct rays of the sun, both 
during the observations and the movement from station to station 

(15) The maximum length of sight shall be 150 m , and the maximum is to bo 
attained only under the most favourable circumstances 

(16) At the beginning and end of the season, and at least twice each month 
during the progress of the levelling the three-metre interval between metallic 
plugs on the face of each level rod shall be measured carefully with a steel 
tape . The purpose of these measures is to detect changes in the length of 
the rod rather than to determine the absolute lengths The absolute lengths 
are determined at the office between field seasons At least once each month 
during the progress of the levelling, the adjustment of the rod levels shall be 
tested ... If the deviation from the vertical exceeds 10 mm on a three-metre 
length of the rod the rod level must be adjusted 


The following is a short description of the method adopted on 
the Geodetic Survey of the Transvaal and Orange River Colony. 

The levelling staves were made of well-seasoned wood Each was 
3 2 metres long, and consisted of two pieces clamped together to form 
one staff One portion was graduated in centimetres (Face I ), while 
the scale upon the second portion (Face II ) was arbitrary, the divisions 
bemg m the ratio of 11 to 9 to those on Face I One portion was shod 
with iron, and rested (at each station) upon a steel pm with a spherical 
turned head. This pm was passed through a circular iron plate, 
which rested on the ground, and was forced home 

The staves were compared regularly with a brass scale, and the 
variations in length of the brass standard, due to changes of temperature, 
were computed from an attached steel bar, with which it formed a 
metalhc thermometer 

Two staves were used, one on the fore sight and one on the back 
sight station, and the instrument was set up twice, exactly midway 
between these points The three webs were read upon each face, so 
that 4 sets of 3 readings were taken on each B S or F S station In 
addition, the readings of the object-glass and eye-piece ends of the 
bubble were noted 

Corrections were then made : 

(1) For dislevelment of the bubble. This varied with the distance 
of the level from the staff and the displacement of the bubble from its 
central position. 

(2) For scale values, as found by comparison with the standard 

The result was then computed separately from Face I and Face II. 

readings, the latter bemg reduced to centimetres by multiplication 
u ith a constant factor. 
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The Second Geodetic Levelling of England and Wales l — The fir-1 
primary network of levelling m Great Bntam was carried out in the 
years 1840-1860, and the results are published m the Abstracts of 
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experienced when in the second revision, commenced in 1904, it was 
attempted to base new accurate work on the existing network It 
was therefore decided to carry out a new network of primary levelling 
and to connect it with three tidal observatories 



wa ® c ° min ®nced in 1912 and completed m 1921. The 
SKji ° bservatlons ^ the three tidal stations— Dunbar, Newlyn, and 

2™ ST e rr re c ? mmenced m 1913, 1915, and 1917 respectively, 
smce which time observations to obtam mean sea level have been 
carried out continuously. 
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the Whfof^r h r.t lf ' re ^ ten ? g - “ nd rec0lds are Started ol 
■» ff, °*i~ T 3 tlde f^ ove observatory zeros for every hour 

computed ^ Barnm^ the / eeld7> m ° ntW F> and annual means are 
kn??? i Barometer readings are taken, corrected for temperature 

mean i!f leV . el> and u Iat| tude, and records are also kept of 
SjSfft? iensifc 3 r of .^ sea water The immediate response 

very mSked f ^ ^ to a rise or faU of the Urometer is 

The 1st Class or fundamental bench marks are all on solid rock 
iiiey are, on an average, 25 miles apart It is intended that the 
precise levelling of these fundamental marks shall serve the double 
purpose of forming a reliable basis for future branch levelling, and for 
determining what relative movement, if any, there may be between the 
levels of the land and sea 

The diagrams show the design of the fundamental bench marks and 
of the 2nd Class bench marks (Figs 154 and 155) 

Second Class or flush brackets are spaced about 1 mil e apart, 
and are fixed on the face of old solid buildings, abutments of bridges, 
and other vertical surfaces with solid foundations 
Each of these flush brackets has a serial number 
The 3rd Class bench marks are copper nvets let into a horizontal 
surface of stone or brick They are, on an average, 400 yards apart 
Each line was levelled once in each direction, forward and back, 
on different days, and no readings were taken less than 0 5 ft from 
the ground, so as to reduce the effect of refraction The levelling 
staves, at intermediate points, were supported on steel pegs firmly 
driven m the ground, and these pegs were removed between the for- 
ward and back levellings To eliminate colhmation errors, the dis- 
tances from the level to the staff for back and foresights were not 
allowed to differ more than 3 ft 

The Zeiss Level III (see p 155) was used throughout, and this 
was provided with a parallel plate arrangement placed in front of the 
object glass (see p 153) and a micrometer adjustment enabhng the 
third decimal place of a foot to be read definitely, and the fourth 
decimal place estimated An umbrella was used to screen the instru- 
ment during the readings 

The original staves were about 10 ft long, each made from one 
piece of seasoned yellow pme, with the graduations marked on m 
strips of sycamore wood fastened to the face of the staff For call ra 
tion and correction purposes, a bar of mvar was incorporated— xe 
only at the lower end, and free to expand or contract vertically ^ 
reference to the woodwork In the improved “Cambridge 8 » 

each again of one piece of seasoned wood, the invar stop, abou , _ 
wide, was let into a groove on the face, fixed as before at the to 
only, and graduated to r \ ft for convenience in use with the par 
S micrometer on the" level These staves were 
Ordnance Survey, and made by the Cambridge Scien ^ c J°J corrcc . 
Company Bach staff was standardised and appropriate staff 

tions made to readings 
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A full discussion of the subject of the errors of levelling is given 
by M. Lallemand in his Nivellement de Haute Precision, and the formulae 
proposed by him were adopted at the Conference of the International 
Geodetic Association held at Hamburg m 1912 These formulae con- 
stitute a standard by which to unify and compare precise level net- 
works, and were employed in the calculations for the English network 
The following is a precis of the rules for calculating the probable error 
per mile* : 

e 2 = ± 6745 


2^/M 


e 3 =± 6745 


l<hl + °£ 

\l Mijv m 2 


+ etc. 


J 


n 


where A = discrepancy between the results of two runnings between 
two consecutive bench marks , 

M = distance m miles , 

S = accumulated discrepancy between the two runnings be- 
tween terminal bench marks of a line , 

CiC 2 , etc = circuit errors of circuits I , II , etc , respectively ; 
wijW^j e tc = lengths m miles of circuits I , II , etc., respectively , 
number of circuits 

The limit for circuit error is four tunes for the circuit. 

The formulae for the probable systematic error and probable 
accidental error are * 

(1) For the probable accidental error t\ t , 


a _lfSA» 
lT 9L2L (2L) 2 


sn 

lJ- 


(2) For the probable systematic error o> , for lines not fo rming a net, 


!_JLy S2 . 

~92L^L’ 


or for a network containing at least 10 polygons, 


where L = length of a line ; 

SL =the accumulated length of a set of lines ; 

A=the discrepancy between the results of two r unnin gs 
between two consecutive bench marks , 
t =the distance between these two consecutive bench marks , 
S =the entire systematic discrepancy between the results of 
the two runnings for a line ; 

/“the closing error of a polygon 
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Limit of Probable Accidental (or Compensating) and Systematic 
(or Cumulative) Error — At the Conference of the International 
Geodetic Association it was resolved that in order to be classified as 
Levelling of High Precision, then for every line, or set of lines, whether 
or not they form circuits, run twice, m opposite directions, on different 
dates as far as possible, the limits for the probable accidental and 
probable systematic errors, computed by the foregoing formulae, 
should not exceed 

±1 mm per kilometre 1 for 

±0 2 mm per kilometre for a r or <r„ 

The values of the errors m the various portions of the English 
Network, and much interesting data, are given in the Report 1 from 
which the following summary is abstracted 

Below aro given the values derived from the International Formulae for the 
English Network, including <r r although the lines form a network. E, t 
accidental error rovealed by the corrections necessary to the lines in the adjust- 
ment, has also been added 

Probable accidental error Vr = ±0 00182 ft per mile 1 = ±0 44 mm per km 

Probable systematic error <r, = ±0 00119 ft per mile * ±0 23 mm per km 

= ±0 00063 ft. per milo =±012 mm per km 

E = ±0 0077 ft per mile 1 

Tho above values of ,, and v r ate based "TO. ’ntaof^ to . £*££ 
discrepancy in a line of levelling obtaine , d t S (g e ep 46 m the Report, 
w herever the nature of the graph seemed t° dem d t (S w £ ^ tron S ons 
also Lallcmand, NivcUement, elc, 2nd ed, 1J1A P 

d ° Takings for each fine as a whole wc obtain 


Vr = ±000190 ft per mile* = ±0 46 mm per km. 
ff t = ±0 00096 ft per mile =±018 mm per km 
.I. ±0 000G5 ft per mile = ±0*12 mm per km 

la the final pointed resets «wrt ^ m 

at owing to the spheroidal shape of the eart surface, 

rnESr of gravity from the equator to th e le mfc to 
defined by tbe fact thata at different 

other is not the same height m feet ab , n acc0 rding 

itudes On the Ordnance maps the heights aietobegive ^ 

S? aVrtMvLtWo^. *» the 
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there will be a maximum difference of about 1*75 feet in the eastern 
counties, the new level values bemg there less than the old 

The network is connected to the observatory bench marks by short 
lines of levels, which are relevelled annually so as to see if there is any 
appearance of movement of the observatory bench marks 
No such movement has been noticed up to the present 
Accuracy. Spirit-Levelling — For ordinary work with a Sopwith 
staff of the usual pattern, graduated to 0 01 ft , it is customary to read 
to the second decimal place only, and to consider the reading as even 
if the hair-line falls upon a black, and as odd if the hair-line falls upon 
a white, division The Jinntmg, error, due jto..jceadmg the .staff would 
therp . fnrfi Jifi--^0-0T ft., or & p p.. nf^O-OOHJfr Ass umin g the length of 
sight as 300 ft , there are then =9 changes of position m 1 mile 
or 18 readmgs, so that the p e per mile due to mcorrect reading 
only = ±0 005 Jl8 * ±0 021 ft. 

The p e_ that might be expected m M miles would therefore be 
±0 021 */M, but it is impossible to eliminate all other sources of error, 
such as that due to the displacement of the bubble from the centre of 
its run, errors of adjustment, etc 

For ordinary levelling a general allowance of ±0 10 a/M feet is 
made, which mcludes cumulative as well as compensating errors This 
figure is the limiting error, and exceeds the p e by an amount which 
is very mdefimte^smee cumulative errors are more nearly proportional 
to M than to y/M. 

For more accurate work, when special care is taken to eliminate 
errors due to unequal back and foresights, etc , the third decimal place 
of a foot is sometimes estimated — at any rate to 0 005 ft A greater 
degree of accuracy is to be expected here ; for instance, on the Ohio 
River Survey 1 the allowable error was ±0 05^/M ffc , while that 
obtamed with the Y levels was ±0 03 a/M ft 

Similarly on the Topographical Survey of Cincinnati 2 the average 
error in levelling with a Y level was ±0 031 ft per mile 

For precise levelling, where very great care is taken, and the hues 
double-rodded, etc , the p e is reduced very considerably A few 
examples of the accuracy obtamed or specified on certain surveys are 
given below 

The Second Geodetic Levelling of England and Wales 3 has already 
been described, and the calculated compensating (or accidental) errors 
and cumulative (or systematic) errors are given on p 202 

On the Transvaal and Orange River Colony Survey, 4 levels were 
taken in one direction only, and chiefly along the railway (vide p 197), 
the p e of the results being ±1 62 mm -y/M = ±0 0053 VM ft 

* Engineering News, vol lxxi , No 12 “ Ohio River Survey ” G G Graeter 

H C MtTlT ? ^ eWS> V °^ ^ us ’ ^ " The Topographical Survey of Cincinnati 11 

o ? Second Qeoietic Levelling of England and Wales, 1912—1921, by Colonel 
Sir Charles Close 

4 Report on Geodetic Survey of South Africa, vol m. 
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beM the mamleyellerfthe pt*™ ££??* ^ *■* 
P* e = * */(0 004) 2 M + (o 00034) 3 M 2 . 
prac S Sa P x“ Ie “°“ *** We be “ ^ - Amenca, 


U S Coast and Geodetic Survey 
U S Lake Survey . 
JIississippi River Survey 
U S New Coast Survey 
U S Geological Survey 
XJ S Catskill Aqueduct 


JIiDimetres 

± 5 72K 
±10 JK 
± 5 ,/HT 
± ijK 
±10 JK 
± 5 VK 


Feet 

0 029 S /M 
0 Oil ju 
0 021 V® 
OOlOv® 
OOiJM 
0 02 7M 


In the precise levelling operations m New York 3 the following are 
a few of the actual results ' 

(1) In the largest level net, which had a perimeter of 118 km or 
74 miles, the closing error amounted to 3 8 mm or 0 012 ft 

(2) Another circuit of 64 km or 40 miles failed to close by 6 mm 

or 0 02 ft 3 

(3) Another circuit of 83 km or 62 miles failed to close by 10 mm 
or 0 033 ft 

(4) Tn the most direct line of 94 km or 58 7 miles, the probable 
error la ± 0 30 mm 

The International Geodetic Association decided upon the following 
standard 

Ape of ±1 mm per kilometre mdicates a very high degree of 
precision 

Ape of ±2 mm per kilometre mdicates a fair degree of precision 

Ape of ±3 mm per kilometre mdicates a tolerable degree of 
precision 

Ape of ±5 mm per kilometre indicates an unsatisfactory degree 
of precision 

The above remarks refer only to cases in which the ordinary methods 
of lev ellin g can be applied, equal back sights and fore sights obtained, 
and the length of sight kept within such limits that the graduations 

are clearly visible # , 

The accuracy which can be obtained in continuing a line or icvc 
across a wide, deep river, in the absence of bridges, has been examined 
in several instances on the survey of India 

Three methods are m general available 

(1) The tide-pole or water-gauge method, 

(2) Levelling with an ordinary level 

(3) Vertical angles with a theodolite , ,, 

(1) For the tide-pole method a position is chosen on a straight iea 0 

, „ , n m cun,,,/ 0 r India * Breed and Ho«mer, Svntymj, rol u. 
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the river bed, one near each bank. A number of observations are then 
taken at different times, and from a mean of the various readings on 
each staff the relative heights of the zeros of the two scales can be 
calculated 

The levelling operations on the one bank then terminate on the one 
pole, while those on the opposite bank are continued from the second 
pole 

(2) For direct levelling, the method of reciprocal observations 
explained on p 186 must be adopted, and if the length of sight is too 
great to enable the staff graduations to be clearly disting uished a 
target rod must be used That is, the staff is provided with a movable 
vane which is adjusted on the staff until the instrument man signals 
that its top edge is bisected by the cross-hairs of his instrument, when 
the reading on the staff is booked bv a com Detent, observer Tb A rvinori 


oi a numoer ot readings is adopted. For precise work the observations 
aremadeondifferentdays, and under different conditions of lighting, etc. 
chains * ? anora ’. wbere tbe greatest length of sight was 36 

°, bse 7 atl T were teke * on each of 2 days, and the 
mean of the 10 sets adopted. J 


U) By vertical angles with 24* 
theodolite 

(2) By levelling with 2 standard 
levels of 21* focal length 
V®) By water-gauges 


Kb of 

Olsen aliens. 


C abo\e B. 


pe 


72 2139 ft. ±0 005 


114 

75 


2 132 ft. 
2 212 ft 


±0 016 
±0 001 


. atU UU1 

should * «• recommended that leve 

Usually, however level W tS by means of a 12 " theodoht 

and reciprocal observation! ^ Te ^ ot P rovid ed with theodolite 
be seen Lm the above e^^' ^ ^ts, as , 

that of the irthet'Sisewabons'^nd 1 ^ 15 ** 11 ^' 1 ^ mean ™ries fro 
an appreciable constant 18 eviden % liable ■ 

reach of river is unobtainable. P tlCular1 ^ wben a favourable straig] 

set may easily^ from tbe arithmetic mean of tl 

he noted however that thfp^ 3v Tfl ( ®f ^ { ppendk L )- It shou 

and not to cumulative error? suc^L th t0 , I C0 “| )ensatui g ” erro 
i Grait rp . 0rS} such as those m the tide-pole results. 

GrC0< Suray of l ndta , , ol Appcn P x y 
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206 SURVEYING 

On the Indus 1 the differences m height of the two stations were : 
By tide-pole, 1 197 ft 
By vert angles, 0 919 ft. 

By levelling, 0 926 ft. 


EXAMPLES 

A Dumpy level is set up and levelled with its cyo-picco vertically 


✓ 


1 (ICE) 
over a peg A 

The height from the top of A to the centre of the eye-piece is measured and 
found to be 4 62 feet A level staff is then held on a distant peg B and read 
This reading is 2 12 feet The level is then set over B The height of the eye 
piece above B is 4 47 feet and a reading on A is 6 69 feet 

(1) What is the difference in level between A and B 7 

(2) Is the colhmation of the telescope in adjustment ? 

(3) If out of adjustment can the colhmation bo corrected without moving 
the level from its position at B 

, 2 (IT of L ) A Dumpy level is set up at a point A and readings are taken on 
the staff when held at points B and C 200 feet to the west and east respectively 
of the instrument, the bubble having to be readjusted by the footscrcws to the 
zero of its run when turned from B round to C The readings are 4 2 feet nt B 
and 6 8 feet at C. The instrument is then taken to a point D, 40 * feet west from 
B and the bubble being again brought to the centre of its run with tho tolescoro 
directed m the line of Bald C, the readings were 5 G feet on the staff held at B, 

wbenTerXment was sat up at D, and also tod w ba. tl;a read ing, 
have been with the instrument at D, supposing all the not in 

correct As it was, which of the permanent adjustments were cert y 
order, and which of them may have been right or wrong 

10 The reduced level of tbe tat point was 65 81, and the staff ms held at I»»"> 

50 ffiSge of the level-boot and onto the above reads® and qri> •» *> 

usual cheeks , 

Plot the cross-section roughly to scale 
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5 (U. of L ) The figure represents the spot levels along a centre line AB, 
and four cross-sections Scale, 2 chains to 1 inch 

Draw up a level-hook giving possible readings for these levels, showing the 
order in which you v> ould take them, and tho manner of booking, the whole 



fully made up. Also mark on the plan the approximate positions of your leveL 
(N.B— The readings are to be taken with a leid and 14-foot staff.) 

6 (a) On the 36" theodolite of the India Survey one division on the bubble 
tube, measuring -j^th of an inch, corresponded approximately to 1 second of arc. 
(6) On a good 14" sensitive Y level a similar division conesponds to 6" of are. 

an ordmaI Y 12" Dumpy level the value of a -jV' division = 1' of arc. 
(a) On the precise level used by the U.S Geological Survey the value of A* 
division = 4 of arc 

What would be the radius of curvature, and what would be the difference 
m the reading on an ordinaiy levelling staff 300 feet distant, if the bubble were 
£ out of centre m each case ? were 

9 ™ 7 252 feet long w to be laid from A to B at an inclination of I in 

2uu, and sight rails are to be erected at A and B 

°* 12 '~ 6 ' 1Cngth " aTOllaW °’ “ nd the loUo ’ v “S data.. 

Depth of outfall below a peg at A= 8 20 ft 
Reading of Dumpy level on peg at A=3 84 ft 
Reading of Dumpy level on peg at B= 2 77 ft 

fiv!3 t ISW* i Lo T\ the P 0 ® 8 at A and B the rails are to be 
fixed, and (6) the depth of the sewer at B 

Tnnn tilR Aand T ? stations on the earth’s surface, and let B be 

^gher than A If the horizontal distance of A from B at the level of A 
“ ® mi es ’ 1 vr hat will be the horizontal distance from A to B at the level of B 
assummg the earth's radius at A to be 4000 miles * 

a oonio " r hTei - booi! w ° rk °"‘ «» 
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65 24 
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See also Questions 14 and 13, p 226 
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TRIGONOBIETRICAL AND BAROMETRICAL LEVELLING 
Trigonometrical Levelling 

To determine the relative altitudes of particular points by means of a 
theodolite the following methods arc available 

Method 1 . — Let B (Fig 1 57) be a position the altitude of w Inch nbo\ e 

or below the instrument station 
A it is required to find 

A levelling staff is held at 
B and a reading BE = s taken 
upon it , or, if preferred, a % nnc 
fixed at a height s abo\c the 
foot of the staff may be sighted. 
At the same time the \ertical 
angle a is obsened, and cor- 
rected, if necessary, for index 
error 

If the horizontal projection 
of the distance from A to B, i e AC=D, is known from frinngulntion 
or other sources, the height CE = ran) be calculated ns 

7q = Dtana. . • 0) 

The altitude of B is (7ij -s),ic (D tan a - s) abo\e the instrument 

^Thelieight of the axis above the station-point A may be found bv 
direct measurement, or the reduced level of the axis may he cledumi 
from an observation on to a bench mark of known altitude. 

Example —The observed staff readings were 4 00 ft at I» and I 57 ft <m a » ’f. 
having a reduced to el of 81 00 ^ 

The distance D=350 ft and a«=8' > *3 > --0 
. , D tan a = 350 X 15101 ft “52 80-t ft 
/>=52 804-4 ft =18 80 ft 

The reduced tocl of the mstn.mrnt ax.s is 81 00 + 1 57«82 57 and 
the point B is therefore 82 57 4 48 80= 131 43 
Sd the angle a been an angle of depression 

7<=j 52 804 + 4 ft =>5G80ft. 
and the reduced tocl of B=82 57-50-80 ft. 

» 25*71 ft. 
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4, 


Method 2 . — A correction for curvature and refraction may be 
applied to tbe results of Method 1 , when the distance D is moderately 
large. The nature of tbe corrections may be seen from Pig 153, where 
the level line through A is » 

represented by AF and the 
horizontal line by AC 

The line of sight is re- 
fracted downwards and cuts 
the staff at e, so that Be = s, 
say, but the angle observed 
is EAC = a, say. EBCF 1 is, 
stnctly speaking, normal to 
the curve AP, but the angle 
EGA may be considered very 
nearly a right angle and Fro iss 

CE = D tan a, where AF = AC 

nearly ==D unless A and B are at a considerable distance apart and 
have a large difference in altitude 1 

The altitude of B above A is the distance PB 

— CE + CP — eE — eB 

— D tan a + correction for curvature 
- correction for refraction - s 





— *' * 





\D 28 U' * v“/ 

SpS s ^d Ii 1 rmS iessed feet ’ wWe m £ormuia (2) <p - i85) d “ 

D tan a= 10130 x 15104= 1530 035 

S=r IQ 


•57 


D tan a - 5 = 1520 03$ 

(5280) 2 8=1 209 £ 

and tlie altitude of B above „ 
the instrument axis at A = *®22 *3 ft. 

disto™ 1 to' S ^t B h “? ht ° £ a bidding, or other object B, t 
settar o,rf IS “nknown, ma 7 be determined approximately i 

fat^lvd s ^n r ™ en V tot r S ial! « ^ with B on 
AP = d 1 tth f ground ’ and measuring the mtervemng distan 

ho J he t i heodol i te is se } U P and levelled at A and an angle of elev 

levVngtSel^rSyrr 1 * “ E UpM1 

1 See Method B 
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E A of dm *“" f 



Fta 159. 


Thus, if the altitude of the instrument axis is approximately- the 
same for each setting, referring to Pig 159 , 


{1 * 

. r ■’ 

* i ? >' 
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r ' ».v. 
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also 
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t. 1 > t i 


. .» a 

; < f 

i' > ' ^ 

or 

r ^ 3 


i 

and 


EC 

-jj = tan a, n here AC = D, say , 

UTT*™ A 

D tan a = (D + d) tan j 5 , 
p- titan? 
tan a - tan ft’ 

EC,fi,=Dtan»..f tailg , t<lll £ 

tan a - tan p 


( 3 ) 

G) 


and the height of B above the instrument axes at A and F 

~ fty — S, 

where s is the height of the vane E above the ground at B. 

If F and A are not on the same level, but F is at an altitude lu 

kweT tlian A ’ then a correcfclon ma y bc *PP hcd b y decreasing t,ir ’ 
distance d by an amount h 2 cot /?, because this is the distance from 
F at which the line EF would intersect the horizontal line C.\ 

Example.— A sane E 4 00 ft above the ground at B is tram »*« 

jnstrutntnt siStiea® 

J* nt a duhnw ioO n* 
apart. . , 

The englM of rVvv» n 
arc 45'-"o frem A 
SO*. Sir fro.n I *' 

height of It" A 

nxii r* A 1 * 

ground* *5 10 f* ar ' f> 

IV 4 7flh. 

Md tij*«n it" I**' Bt ; 
and a nviln* M' " 

o! F being 80 00 ft above datum 
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The reduced level of the instrument avis at F= 80 00+4 76=84 76 
The reduced level of the instrument axis at A =80 00+ 8 48=88 48 
The difference m level FF a (Fig 160}= 3 72 ft and the distance F 2 Fj= 3 72 cot 
30°-20'=3 72 x 1 709=6 36 ft abt The corrected value of d is therefore 
200-6 36=193 64 ft abt 
From equation (3) 

^ 193-64 x tan 30°-20' 193 64 x -5851 

tan 45°-30' - tan 30°-20' 1 0176 - 5851 
_193 64 x 5851 
" 4325 

or, usmg logarithms, I) =261 98 ft. 

and A X =D tan 45°-30'=261 98 x 1 0176=266 56 ft. 

The reduced level of B is therefore 88 48+266 56— 4 00=351 04. 

Method If — When F and A are at very different levels, tlie follow- 
ing data are required (Fig 161) : 

(l ) The height of the instrument a above the ground at A 
(n ) The horizontal distance d between the two instrument stations. 



(in ) The angle of elevation a from A to a vane or graduation E, 
on the staff at B, at a distance s above its foot 
(iv.) The angle of elevation JS from F to the same point 
(v.) The angle of elevation y from F to a pomt at s x ft above the 
foot of a staff held on the peg at A 
The height of the peg A above the instrument axis at F is by 
Method 1 

d tan y — s lf 

and the vertical distance between the two instrument axes at F and 
A is consequently 

7*2 = d tan y — + a 

Let the horizontal distance from A to B = D, and let the height 
of the vane E above the instrument axis at A be \ ft. Then from 
the figure 

| = tan a, 

h = (D + d) tan /? - 7i a = D tan a, . . (5) 
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tan a - tan /?’ ’ 


. ( 6 ) 


. (T) 


and from (S) {^1^} , M . . . (7) 

from which the height of B above the peg A can be reduced ns h t * a - * 

Example. — Find the horizontal distance from F to B and the altitude of P 
from the following data (Fig 161) 

ef=200ft, a=45°*30', 0=3O a -2O', ‘>=10 s -3D' f 
s=4 00, 5 x= 4 00, Height of instrument nt A=4 76 

Height of instrument axis at F above datum =88 50. 

The height of the instrument axis at A above that at F is 
A, =200 tan 10 a -30'-4 00 +4 76 
"=200x 18534+ 0 76 
=37 83 ft 

The horizontal distance D from A to B is given by equation (G), i e. 

^ 200 tan 30°-20'- 37 S3 
V ~ tan 45°-30'~ tan 30 a -20' 

200 x 58513 — 37-8 3 
“ 101761- 38513 

«™“9=18312ft 

4325 

j^gQ Xi=D tan a=lS3 12x 1 01761 

= 186 34 

The horizontal distance from F to B= 3S3 ft nearly, and the reduced leiel d 
B=8S 50+ 37 83+186 34 - 4 00 
=30S 67 ft approximately 

Method, 5 . — Reciprocal observations to cai tied ^ ^ cl< ‘’ f 
curvature and refraction for very long sights Let A and R ( - { *[ 
be the two points, the relative altitudes of winch it is . . 

sighted from B . , , . „ « „ nr .. w ] t r U( » to r-'fr.ic?u>ri 

° Let U represent the line of sight the 
and cutting the signal m b , , and let , M„ the tangent 

otcolhmation Iran, VM *, " ' 

apparent dircetien n 0Drc ,.i 0 „) ahtch « •ne.wd Ira <’* 


vertical circle 

Z-HAfn-r, w 

refraction, or 


raction, or ^ 0 ^ ^ JfAB - r * JL B \h. 

Bat .1 the height »V«— " 
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from the tnangulation survey, the angle BA& may be accurately 
computed or may generally be assumed equal to 

radians = degrees = fa, say, 

AA X AAj 7T 

.*. Z TTAR = a, say = Z HA6 X - r - Z BA6, 

ic a=a 1 -r-fa (8) 

Similarly, Z HjBA = j8, say = Z HjBcq + r + Z ABer 

=j5i + r + <^ 2 , say. . . (9) 

Let the angle subtended at the centre of the earth, % c Z AOB, == 9. 
Then if d — the geodetic distance from A to B, x e at mean sea-level 
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and R the radius of the earth at that position, are known, 9 can be 
calculated 

The angle between the tangent AH and the chord AA X is equal to half 
the angle subtended by AA X at the centre of the circle, i.e Z HAAj = 

U 

g 

and therefore Z B AA X = a + L 

u 

In the triangle BAA X , because the angle ABA X = 90 - ( 3 . 

BA x _ sin ( a+ 2) 

AAj sin (90 -£)’ 


or 


BA 1 = AA X . 


sm 


_H) 

cos jS 


( 10 ) 
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But as the three angles of the triangle BAO are together equal 
180°. 


to 180°, 

t.e. 

and 

from which 

and 

or 


Z BAO + Z ABO + Z AOB = 180°, 
(90° + a) + (90° -ft) + 0 = 180°, 
a - /} + 8 = 0, 

8 _/3- a 
2 ~ 2 ~ 
ft _0 + a 
2 2 " ** 


(H) 


je=£+^±ft 

H 2 2 


therefore from (10) BA X = 


AA, sm 

A 

a + /? + 6 
2 


cos 


( 12 ) 


Strictly, the chord AAj = 2 (R + fa) sm where ft is the altitude of 
A above sea-level, but may generally be taken equal to the arc Aft = D, 

n 

say, and similarly the angle - m the denominator, bemg small, may 

Jj 

often be neglected, when BA X , % e (the difference in altitude between A 
and B) ft - ft, 

=Dtan?±^ (13) 

Hence by substitution in (12) from (8) and (9) 

/t 7 x „ sin £{(HAft -r- BA b) + (H,B ffl + r + ABa)} 

[s ~ ~ cos £{(HAft -r- BA6) + (HjBiij + r + ABo) + 8}’ 

from which, on simplifying, the values of r vanish, i e. 

fe-aj-D ™i2arMtigL±M _, . (uy 

COS ^{(aj - fa) + (P 1 J - fa) + 9f 

D may be calculated from the geodetic distance d as explained 
later. "When the difference between the altitudes of A and B is small, 
both the angles a x and ft may be angles of depression, when, in a similar 
manner to the above, it may be shown that 

-DK 7 7, _T1 sm g{(ft - fa) - ( g l - &)} (15) 

BA x, te h- K = D cos 1 {0?1 _ fc) _ (ai _ fa) + ft 


Example .— The horizontal distance from A to B deduced 
from the geodetic distance i . 

The reduced level of A 

The height of the instrument at A 

The height of the instrument at B 


= 14760 ft 
= 780 10 ft. 
= 4 92 „ 

= 610 „ 
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- 10 00 ft. 

- 8 50 „ 
=2°-39'-49* 
=2°-39'-56" 


The height of the signal at A 
The height of the signal at B . , 

The angle of elevation from A to B 
The angle of depression from B to A . 

Determine the reduced level of B, 

The height of the signal above the instrument axis at B= 8 50- 5 10= 3 40 ff 
ihe height of the signal above the instrument axis at A = 10 00 - 4 92 = 5 08 ft! 

The value of ^ is therefore 1^x^2x3600 seconds =47 5 seconds, and 

the value of e t is l^x 3600 seconds* 71 0 seconds (by shde rule). 

The value of e subtended at the centre of the earth is 


From equation (14) 

^3~^i=14760 


207890,000 X IT X 3600=3 145 ' 7 * 


sm 3(2°-39'-49 g - 47* 5+ 2 °-39'-56*-»- l'.in 
cos j(2“.39'.49'- 47* 5+2°-39'-bt T + KIF +2 '-25* 7) 


- 147QQ 8111 2°-40'-4' 25 
eos2°-41 , -17* 1 


log 14760=4 16909 
log sm 2°-40'-4'25=2 66788 
log seo 2°A1 , -17" l » 00048 

log {A 2 -^)= 2 83745 
*»-*!« 687 78 ft. 

The reduced level of B is therefore 

780 10 + 687 78 + 4 92 - 5 10=1467 7 ft. nearly. 



morning ^TtT 6 T»0 •^^diminlA occurs . a the early 

more slowly— -until 9 or 10 a m 8 afte^wh^h anc * then 

“r ffl about 4 °' doct » 

M to tie angle’s °nbtentS°at tte’oen^l't? ** angle of refra otion 
over which tie obeervatoS are take" ““ ** V *• ***» 


e' 


* • • • (16) 

in tbe e absmoe°o| 1 Sore t a 0 ooS S ’' 7 between ,° 06 and 0 08 , and 
adopted te dai ’ a a me an value of 0 07 is often 

To detarmino the correction (c) in feet wh ich re to be apphed hr 
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the apparent difference in altitude, r and B may be exnresspd , n 
measure, when r = K0, i.e. ^ expressed, m radian 


° “ 07 e- 


5280D 


olZ Stetl0 “ S m m ' ,eS - md E *> 


c— 09D 2 It. 

in dapterVI° Ut ^ COrrectl0tt for curvature as previously stated 

On the Ordnance Survey 1 for rays not crossmg the sea, the mean 
result 00809 Und ** ° ° 75 ° 5 wMe f ° r rays crossm S tlie sea the 

The values adopted on the Massachusetts Survey * were somewhat 
less, vm 0 0697 in the interior and 0 0784 on the coast 

If the altitudes of two stations A and B have been accurately 
determined by means of spirit levelling, then the apparent difference 
m altitude which is found from the reciprocal observations of Method 5 
furnishes data from which the values of K from each station may be 
calculated. J 

If the true altitudes of A and B have not been determined otherwise 
than by the reciprocal observations, the mean value only of E can be 
computed ; this value may be slightly different from the individual 
values at A and B respectively. 

In the example on p 214, 0 1 «47"5, flL-T-ir, 0=2'-25"7 
a^-W-W, Pi ~ 2°-39'-56", 
and from equation (8) a ~a -r-0 

and (9) p—f3 1 +r + 0 2 , 

therefore by subtraction 

(fi - a) = {p 1 - + 2r + (6 1 + 0 2 ), 

i e. from equation (11) 2'-25" 7 = 7" + 2 r + l'-SS" 5, 

2r=20" 2, 
r*=10"-l. 


and 


K = ^1—0694. 
145 7 


Accuracy of Trigonometrical Levelling — For ordinary work trigo- 
nometrical levelling is not capable of such a high degree of accuracy as 
spirit levelling, but the approximate altitudes of isolated points may 
be determined much more quickly and economically by this method 
The results obtained in continuing a hue of levels across the Ganges by 
tngonometrical observations were mentioned on p 205 The probable 
error in any particular case obviously depends upon the special condi- 
tions and upon the instruments available. 

Thus in Method 1, equation (1), if ± So is the p e in n, the p e. m 
due to this cause is obtained by differentiation, i e. 

1 Clarke’s Geodesy 
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hh — D sec 2 a . 8a, 

8 h 8a 2.8a 

QJ . r - , — - -- =S # 

7i sm a cos a sin 2a 

In the example given on p 208, where D = 350 ft and a = 8°-35 / -20 ,r , 
if the p e in a is ± 10”, the p e m/ij will be 

± 350 x (1 0113) 2 (10 x -00000485), 
where 1” = 00000485 radians = ± -017 ft. 

If there is also a fractional p e in D of ± tuWj the total error 
would be 

± V(*017) 2 + ( 053) 2 - ± -055 ft 

Similarly, in Method 3, equation (4) may be written 

^ = 3 (cot a - cot B), 
h d 

or 7i(cot a - cot jS ) = d. . . . (17) 

The probable fractional error in h due to a probable error of ± 8(d) 
in d is therefore 

8/ij _ 8d 

h d' 


The probable fractional error due to a p e of ± 8a in a is 

87i 2 _ ± cosec 2 a. 8a 
h cot a - cot ft 
and that due to a p e of ± 8)3 in is 

S^3 = 4. cosec 2 jg . 8ft 
h cot a - cot ft’ 

and the probable error from all sources is 




d Bo U LP th ® 7 exam P le on p 210, where d = 193 64, a=45°-30'. 
^ = . 3 .°' 2 e °> and 7i =266 56 ft, if 8d = ± 2 ft and Sa=8ft= ±30” oi 
± -00015 radians, then by slide rule P 

8 ^i = * i^ 6 x 266 56= ±-27 ft. 

87i 2 = ± 266 56 x cosec2 45°-30 > x 00015 
cot 45°-30' - cot 30°-20' 

= ±266 56 x (A 4020 ) 2 x 00015 . _ ± . 1Q 
7263 
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21 ft 

«*«'! M • * ./( 27)= * ( 10)= * ( 21)= * j sr, ft. 

In Mi ihtvl r» it uiH lio quit/* «-tifiirirnt to insider equation (13), j r 

7 ; - /<, ** I) tan n ^ ^ 1) f in »/>, s iy. 

«•* 

A j> e of • 5a in « mu] • o3 in fl will produce a p e of 
i I (iS*;)- m <f>, 

f*n*rtfi»r<* lh» ji«* in (/«.-/#,) 

■ • ( ,s ) 

Tn tin' mump 1 *' on j». 21 1, v. here S'’*I0'-f' l *2'», and I) *=117 GO ft , 
if tin p<\ in 1)*- * j. | nnel in a or (1 J 5 r , the pc in ^ will be 

•* (~-^/“)* t«WM71 radian- 
The p.e dm' {#, 

51) * 1 • 087-75" * 1370 ft 

/ilHfO 

5/. 1) M-« - {2'-'!0‘-l'.2r,) X 0000171 

•M * 11700v (1 0011)2 X 0000171 
»> t .2*;) ft 

The total pc h then * >s/(*I37f>)= •* ( 203 )-" i- *20 ft nearly. 

Thi same reMilt may be obtained by substitution in equation (18), t c. 

i US7 “8 /r r V Tf" 67 ’™?- - =9ft- 
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Barometric Lrrrurro 

As air is a compressible fluid, it follows that strata at a low lc\el 
% mH hn\ e a greater donsif v than < hose at. a higher altitude 

Consequently, if the difference m pressure between two stations A 
nnd B is ascertained by means of a barometer, their rclatn e altitudes 

can be approximately deduced , 

Thus assuming the temperature to be constant, let a represent the 
density of mercury, nnd d a the density of air at any particular station 
a ], the height of the mercury column of a barometer, II the height of 
the homogeneous atmosphere (i c an imaginary value giving the height 
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of the atmosphere on the assumption that its density is constant 
throughout and equal to d a , instead of decreasing at the higher 
altitudes), and p the pressure at Am absolute units. 

Then p = K.d a g = h.d.g, . . . (19) 

where g is the acceleration due to gravity. 

H=-P 

d a .g 

Thus if o' is assumed constant, H will be a constant because 2 is 

d a 

constant by Boyle’s law. 

Now let the rise in the barometer reading be 8!i for a small difference 
in altitude 81, so small that the densities of the air and mercmy are not 
appreciably altered. 

Then Rom (19), at the point A, 7i . d = II . d„, and at a distance 
81 above A 

(7i-S7t)d = (H-S0d«, 
or S7i d = 8l d a , 

or si= SA i = from (19)> 

d x h 

therefore L, the difference m level between the two stations. 


rn 

-*/?• 


j't 

i s' 


S' 

. // 


where \ and Ji 2 are the barometer readmgs at the lower and higher 
stations respectively, i e ° 

L = H (log 7^ - log h 2 ), 

the logarithms being to the base e. 

Reducing this to common logarithms {% e base 10), the formula mav 
be written 

L- 60158 6(log 7q - log 7i 2 ) at 32° F. and 45° latitude. 

The density and pressure of the air, however, vary with the 
temperature, so that a correction for temperature is applied as follows: 

L=60158 6(log \ - log i a )(i + . (so) 

whrae and (j are the temperatures o£ the air m degrees Fahrenheit 
thermometers an< ^ Statl0nS ies P ectlv ely, measured by detached 

niirim j?E. rectl011 may be apphed to a mercury barometer to 

allow for any difference of temperature m the mercury. 

Thus VP + «&'-*% 
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where li 2 is the actual height of the barometer at the second station, 
and 7/ 2 isthe corrected height substituted in formula (20), a is a coefficient 
of expansion = 00009 about, and t{ and t 2 are the mercury temperatures 
at the lower and higher stations 

The value of gravity (g) is a variable quantity, as it depends both 
upon the altitude and upon the latitude; it 
decreases as the altitude increases, or as the 
latitude increases, being about 32 25 ft per sec 
per sec at the poles, and 32 09 ft per sec per 
sec at the Equator, but the corrections are too 
small to be apphed in the case of ordinaiy 
surveying work 

There are two types of barometer m general 
use for the determination of altitudes (i ) the 
mercury barometer, and (n ) the aneroid barometer 
The mercury barometer (Fig 163, by Hicks) is 
generally on Fortin’s principle, and consists of a 
long glass tube rather more than 30 mches long, 
dipping into a cistern containing mercury The 
height of the mercury column is read by 
means of a vernier reading to, say, r ^r", 
and an adjusting screw is provided at the 
lower extremity, by means of which the 
mercury can be confined to a limited space 
to render the instrument more portable 
The aneroid barometer^Fig 164) con- 
sists of a small cylindrical corrugated 
metal box of 3 mches to 5 mches or more in 
diameter, from which the air has been 
partially exhausted 

The movements of the thin surface 
of the box, due to changes of atmo- 
spheric pressure, are transmitted 
through a system of levers and 
springs to the indicating finger of 
the dial On the dial are two 
scales — one to represent the head 
of a mercury column through a 
range of, say, 6 inches, and the 
other to represent altitudes in feet, 
a magnifying-glass being provided 
to facilitate the reading 

Usually this instrument is com- 



"Eva. 103 — Mountain Barometer 


UOUUMJ — , 

+w f1ip e ff ec f S of changes of temperature on the mstru 
pensated so that the eitecrsox cu g i correction for air 

meat .toll are suppose d to b e f ™ Wmcter 

temperature is, however, app mercury barometer, but is not 

so accurate it snouiu uc „ - N 0 FJon, 

i See “The Measurement of True Heig y 
J. Scientific Instruments, Oet 19ZS 
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horizontal — at each station, and should be lightly tapped before ta kin g 
an observation, to ensure that no part of the mechanism is sticking. 

Method of Levelling. — One of the chief difficulties to contend with 
in the employment of a barometer for the determination of heights 
is that the atmospheric pressure at any one station is not constant, but 
is continually varying , so that, if the difference in altitude of two 
stations A and B is to be deduced, the barometric heights at those 
stations should be observed simultaneously, and corrected for tempera- 
ture, etc , as in formula (20) 

If one barometer only is available, it is held at A— a datum point 
of which the reduced level is probably known — and the reading taken. 
It is then earned to B, and finally back to A, and readings taken at 
each of these points are corrected for temperature, etc 

The difference between the first and last of the observations at A 
gives the total variation m pressure at A during the interval ; so that 
if this variation is assumed to be 
regular, and if the times of the 
three observations have been 
noted, the probable pressure at 
A corresponding to the reading 
at B can be interpolated 

If a short stay be made at B 
or at any intermediate stations 
eii route , two observations can 
be made at each and the rates 
of change of pressure there de- 
duced So that, knowing the 
total variation in pressure from 
the observations at A, and the 
rate of variation over several 



FiO IG4 — Aneroid Barometer. 


specific intervals, the probable pressure at A corresponding to the 
reading at B may be more accurately estimated 

One method of attempting this— if the rate of increase is found bv 
the observations not to be uniform— is to plot by trial a graph of the 
pressures upon a time base, as the two extremities of this hne are fixed 
and also the slope of the curve over certain definite horizontal intervals! 

tbs graph 6 preSSUre at A at gi ven mstant may be scaled from 

barometers are available, one may be left at the datum 
station A, where the observer notes a number of readings together 

Sit 6 tm \l° * The second °b«ver ba vmg compared Hs 
barometer with that at A, and noted any relative index error carries 

and there observes the reading and the ’time of 

andTtr 2 n r6tUrnmg t0 A ’ tte barometers arl again cornered 
and a mean index error computed i j 

calcut e te?o 0 r^Sii. lgllt at A tune of the observation at B is then 

ft01 ? a plotted from the data obtained at A 

meteT SPPly e9UaUy t0 elther or aneroid baro- 
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re/mlar P m S fhp ^ o^ iang< + ° f atmos P benc pressure are much more 
diurnal ^JtSSS^St ^ ** ° f *■ 

waves m^Klhon^rt 111 aU countries a PPears to trace two distmct 
nlfJinU 2 J,? ’ tbe max,mum pressures occurring about 9 am 

and 10 r m , and the minimum about 4am and 3 30 p m 

0 3 nJlSr thC range ! of , the ™e ht and da 7 waves average about 
0 3 and 0G mm respectively, though these values are practical 

h T a S1 i nglC day ’ S observ ^ons owing to the extreme 
irregularity of the atmospheric conditions here 

In the tropics, however, the irregularities are very small, and the 
range is larger, so that the curve of daily variation may be easily plotted 
by taking hourly readings for a week (say) 

A*?™’ 1 7° S of the Equator, for instance, the ranges are 1 34 
and 2 87 mm respectively ° 

The curve of variation, however, is not constant for all altitudes 
m temperate regions both the range and the phase vary, but m the 
tropics only the range is affected 

The range appears to vary inversely as the altitude, though the 
rale of change vanes in different localities In Java, 1 the range would 
appear to be zero at an altitude of 2500 metres, and at Madras at an 
altitude of 6000 metres or more 

The results obtamed from barometer observations are therefore 
much more reliable m tropical than m temperate regions, for if once 
the diurnal vanation curve is ascertained, and also the rate at which 
the range decreases as the altitude mcreases, very trustworthy observa- 
tions may be made with a single instrument 

Example — (Single barometer ) Deduce the approximate reduced level of a 
station B from tho following data 

Barometer rending at A=30 27' at 10 0 am, temp 58° F. 

„ „ B=29 72" at 11 30 A m , temp 44° F 

„ „ A = 30 32' at 12 30 pm, temp 62° F 

Tho reduced level of A= 80 00 

The total vanation of pressure m 2£ hours (10 a m to 12 30 p m )=30 32 - 30 27 
= 05', therefore m 1£ hours, t e at 11 30 A M, the change is ^x 05= 03' 

Tho probable rending at A at 11 30 a m is therefore 30 30". 

(j (mean)=^J^- 2 =60 o F. 

A 

< 2 =44 0 , 

f 1 +/ 2 -64=40°, 

theicfore applying formula (20) 

(//,-/>!)= 60158 G (log 30 30— log 29 72) (l + ^) 

= G0158 6 [1 48144- 1 47305] (l+i ) 

= 527 ft nearly 

The reduced level of B would therefore be about 

80+ 527= 607 ft 


* Gnbble, Proe. Inst. G E vol clxxi. 
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Hypsometry. — Tlie “ boiling ” point of water depends upon the 
pressure to which it is subjected, being lowered as the pressure de- 
creases or as a higher altitude is attained Consequently, if the boiling- 
point temperatures are determined at various stations, the results 
are a guide as to the atmospheric pressures there, and 
therefore as to the altitudes The boihng-pomt is 
212° E when the pressure is 29 92 inches of mercury 

The instrument used for the purpose of deter- 
mining altitudes is shown m Fig 165 (by Hicks) 

The water m the boiler is heated by means of a 
spirit lamp, but as the temperature of the water at 
the boiling-point is found to be influenced by other 
factors than the pressure, e g the presence and amount 
of any dissolved impurities, the thermometer is not 
allowed to touch the liquid, but is so placed as to 
record the temperature of the issuing steam, which 
is more independent of such conditions and yields 
more consistent results 

The temperature of the air — in the shade — is 
simultaneously observed with a detached thermo- 
meter, and a correction applied, if necessary, as 
on p 219. 

The pressures corresponding to the various boiling- 
points, xe. to the temperatures of the saturated 
steam, can be obtamed from tables, and if, from 
these, the corresponding barometer heights are 
deduced, the barometric formula may be applied. 

One mch of mercury at a temperature of 0° C. 
corresponds to a pressure of 0 491 lb per sq. inch, fio 165 
and at a temperature of 20° C. to a pressure of 0 489 Hypsometer 
lb per sq mch 

The following empirical formulae, 1 among others, have been sug- 
gested at various times to express the relationship between the pressure 
and the steam temperature . 



Regnault . 



Rankrne : log p = 6 1007 - _ 396945 

t t 2 ' 

Thiesen 

{t + 459 6) log = 5 409 (« - 212) - 3>71 x 10~ 10 {(689 - tf - 477 4 }, 


where p- absolute pressure in pounds per square mch and f = tempera- 
ture m degrees Fahrenheit 

The application of these formulae, however, would be very incon- 
.venient and laborious, and preferably the altitude would be derived 

Inchlcy, Theory of Heat Engines. 
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tiT P Uy P^pnrcd tables In the absence of sneh tables 
SS™5 appr ™ formula which states that the pro™ me n 
mebra of merom,- = 29 92 ± 0 586/, (where/, >s the number ofd““ 
above or below 212" F. at which the rate* bo, Is) may be used 

th n ^f n a i np!e ~ T } ie bojlmg-point at the lower station =210° 8 air temn -fitPF 
the boiling-point at the upper Btntion=206° 4 air temn -5G° F Tim 5 , ’ 
is equivalent to 29 22 in o/^erem, and the kite tSWm oLem'4 ' 

(h ~ *i)= C0158 6 (log 29 22 - log 26 64) ( 1+ J? 2 \ 
which bj r logs =2554 ft nearly. ' D0 °' 


Accuracy of Barometric Levelling —Barometric levellmir cannot 
n anyw’ay replace spirit levelling or trigonometrical observations for 
accurate work but with proper care it may be usefully employed to 
determine relative altitudes in such cases where only approximate 

fo ?n!t?f re ^ qmred> °5 r here ! hc resuIts are nofc sufficiently important 

to justify the expenditure of time and money necessary for more 
accurate determinations Usually barometric observations are made 
with an aneroid on account of its greater portability, but ns a rule the 
results cannot be relied upon to nearer than a few feet— although the 
scale may be graduated to single feet m some cases In fnct, the value 
of the constant (which is given as 60158 6 m the previous panes) m 
the reduction formula varies from 4 to 1 per cent as given b\ different 
authorities J 


Gnbble, in some experiments published m his Preliminary Suney 
and Estimates, shows that with a small aneroid the \ nines derived for 
the height of a hill a little over 110 ft high varied ns much as 30 or 
more feet on the up and down lull journeys 

He states that, in general, the “ up ” hill values arc the more reliable, 
and he also states that three “ ups ” will usually give a mean result 
correct to 3 ft , or two “ ups ” to 6 ft , m a difference of lc\ cl ranging 
from 50 to 500 ft 

The boiling-point thermometer gives still less approximate figures, 
as 1° F difference m the boihng-pomt temperature corresponds to a 
difference of about 550 ft m altitude A small error m the estimation 
of the temperature thus has a large effect upon the domed result. 
In addition, the published tables and empirical formulne \ ary \orv 
considerably and yield by no means consistent results, so that n dis- 
crepancy of 100 ft or more from the true altitude may easily be obtained 
m many cases. 


EXAMPLES 

1. An instrument w ns set up nt a distance of 500 ft from n tower and the 
angle of dev ntion to a point on the parnpet w as D’-SO', w Info (he ancle of depression 
to the foot of the walla was 2°-52'. The staff rending upon a B M with the tele 
scope horizontal was 2 18 nnd the reduced lc\cl of the B M was SO t>0 

What was the approximate height of the tower nnd of the reduced level of the 
parapet ? 

2. If there was a pc of ± I ft in the distance of the instrument from th* 
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tower, and of +30" m each of the observed angles, what is the probable error in 
the two values deduced m question (1) ? 

3 A vane 15 ft above the foot of a staff was sighted at a point 6000 ft away 
from the instrument 

The reduced level of the instrument axis was 286 60 and the angle of depres- 
sion l°-18'-00". Allowing for curvature and refraction, calculate the approximate 
reduced level of the staff station. 

4. (ICE) The top of a hill subtends an angle of 41°-2'-10" from a point 
on a plane at its base , a base line 264 ft. long is measured directly towards the 
base, and the hill then subtends an angle of 55°-40'-17*. Find the height of the 
hill. 


5 What is the p e. m the result of question 4 if the p e. m each of the observed 
angles is ±5' and m the virtual length of the base line ±10 ft ? the latter 
error being due to differences in the heights of the instrument axis and to errors 
in linear measurement (cf F 2 F l5 Fig 160) 

6 Referring to Fig 161, find the horizontal distance from F to B and the 
altitude of B from the following data : 

d=500ft a— 40°-36' jS=28°-24 / y=10°-30'. 

s=s 1 =4 00 ft. Height of instrument at A— 4 92 ft. 

Height of instrument axis at F above datnm=88 50 ft. 

7. Assuming a p e of ±30* in each of the angles a, /3, and y, and of ± *5 ft in 
d m question 6, deduce the p e in the results 


8. Referring to Fig. 162, determine the reduced level of B from the following 
data : 


Geodetic distance from A to B . 
Reduced level of A . . . . 

Height of instrument at A 
Height of instrument at B 
Height of signal at A 
Height of signal at B 
Angle of depression from A to B 
Angle of depression from B to A 
Find also the mean angle of refraction and the 


15240 
1250 
500 
4 95 
7 00 
7 00 


ft 

99 

99 

99 

99 

99 


r-o* 


15* 


coefficient of refraction. 


9. The following data were obtained from reciprocal observations for altitude 
at A and B (Method 5, p. 212). 


The reduced level of A 

The height of instrument at A . . . . . 

The height of instrument at B . 

The height of signal at A 

The height of Bignal at B 

The angle of elevation from A to B 
The angle of depression from B to A . 

The horizontal distance from A to B as deter min ed by 

tnangulation 

What was the reduced level of B ? 


= 100 00 ft 
= 5 05 „ 
= 4 95 „ 
= 25 00 „ 
= 10 00 „ 
=4°-34'-59* 
=4°-33'-38* 


=20520 ft. 


Find also the mean value of the angle of refraction and of the coefficient of 
refraction. 


10 Assuming that the p e in the angles o and /S is ±5*, what will he the 
p e m the reduced level of B ? 

If there is also a p e. of in the horizontal distance D, what is then the 
pc. m the result ? 

11. (U of L ) A theodolite is set up at two stations A and B at the water’s 
edge of a lake which is 1240 ft above sea-level A staff on a hill at C is sighted 
from each station. From A the vertical angle of C is I5°-14' and the horizontal 
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angles CAB, CBA are 59°-10' and 71°-48' respectively 
AB is 820 yds Find the height of C above sea-level 


The length of the lmo 


datl^ DeduCe tIie a PP r0Sima tG reduced level of a station B from the following 

Barometer reading at A=29 92 at 12 0 noon, temp G0° F 
» » B=30 38 at I 15 r m , temp 72° F 

» >» A=29 97 at 3 50 p sr , temp 55° F. 

The reduced level of A=250 00 ft 


13 (U of B ) From the ends of a baso lino AB, 500 ft in length, two points 
F and Q were observed with a transit theodolite The following angles wore 
recorded 

Bearing of line AB 45° E of N 

„ „ AP 45° W of N 

„ „ BP 97° W of N 

„ „ AQ 15° E of N. 

BQ 20° W of N 

Altitude of P ns observed from A, 20° 

» Q »» » A, 15° 

The pomt A is 200 ft above datum. 

Determine the distance PQ and the heights of P and Q abovo datum. 

14 Tn levelling across the River Manorn, the greatest length of shot was 30 
chains (or) What would be the correction for curvature in this distance, and 
(6) what would be an approximate allowance for ounaturo and refraction 1 

15. In levelling across a river by reciprocal observations the following results 
were obtained (Fig 149) 

Reduced level of instrument axis at A- obtained from a rending upon a B M 
near— 85 02 feet 

Staff rending of a from A= 5 50 feet 
„ „ ft „ A=G 25 „ 

„ ,, o, „ B= 1 39 ,, 

,, ,, b ,, B=4 10 ,, 

What are the reduced lo\ els of a , b, and the instrument axis nf B, and hcnco 
what is the reduced le\ el of a pomt C near B, upon which the staff reading from 
B is 2 24 feet 

Assuming the instrument to be in adjustment, whnt would bo the approximate 
distance from a to b T 
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Chapter VIII 

TACHEOMETRY AMD RANGE-FINDING 
Tacheometry 

A tacheometer is essentially a transit theodolite, the diaphragm oh 
which is furnished -with two (or four) horizontal webs or points (known asl 
stadia webs, wires, lines, or points) in addition to that which marks P 
the horizontal axis or line of collimation of the telescope (Fig 64, e,f, j.' 
g, and h ) 

The stadia rod or staff used m conjunction with the tacheometer 
may be the usual type of levelling staff reading to 01 
ft (Fig 137), or it may be of special design pamted 
with easily distinguishable markings (Fig 166) to enable 
observations to be made over much longer distances than 
are possible with the ordinary graduations of the Sopwith 
pattern To further render the staff graduations more 
clear at a distance, the magnifying power of the eye-piece 
is generally rather greater than that of the ordinary 
theodohte 

The^ahject-oLtacheometry is to enable honzontaLand 
Y^tical„dKtances .to be computed, from readings upon. a 
stadia -jmd r and th us, to render chaining operations un- 
necessary. T 

The observations that are required for the complete 
location of a point A with reference to the instr ument 
station 0 are • 

(1) The bearing of the line OA from some fixed 
meridian through 0. 

(2) The angle of elevation or depression recorded on 
the vertical arc of the instrument 

(3) The readings of the three diaphragm webs upon a 
stadia rod at A sighted through the telescope. The differ- 
ence between the two outer web readings gives the intercept (s) upon 
the staff which is employed in the calculations as explained below. 

Ike field work can be done very quickly, an d so long as the co untr y 
unfairly „open, any rou ghness orjunevenness of the .ground does, not 
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affectthe accamcy of. the, w ork as wou ld be the case with direct linear 
meas urements. 

Tacheometry Js thus, particuhufc^ultable iox^rekminary location 
surveys, andior the filling in. of detail-omtopograpHcaLmaps . itemise 
in conjunction with the plane table is treated In Chapter IX. 

The principle of the tacheometer is as follows : 

Let C be the optical centre of the object-glass, Aj and Bj the 
stadia webs spaced at a distance i apart, and O x the anal web of the 
diaphragm Then, when the telescope is correctly focussed, these 
webs coincide with the image of the staff which is being observed, and 
the portion of the image intercepted by AjBj corresponds with the 
portion AB (~s) of the staff, where A X CA and BiCB are straight lines 

through C (Fig. 167, 
and Fig 57, p 49) 
OjCO is the line of 
collimation of the 
telescope 

"Refe rring to Fig 
167, let the distances 
CO and CO l5 which 
are conjugate focal 
Fig 167 lengths of the lens, be 

represented by / and 

/„, and let the distance from C to the principal focus of the lens F be/, 
and that from C to the central vertical axis of the instrument be d 

Then, because the triangles ABC and A^C are similar. 



AB _ OC *_/* 
AjB* O x C ° r i fo * 


- (1) 


* 






But as was shown in Chapter II. 


or 


1 = ±+l 

f A f 2 ' 

u4 

/ /.’ 

A 


therefore by substitution for y in (1) 

* _ _ i 

* / 

or the distance of the staff from the object-glass, i c. 


( 2 ) 


(3) 


But the distance D of the staff from the vertical axis of the instru- 


ment is equal to /j + d 


D = s.^ J -/+d • • • • ^ 
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This is the formula to be applied for ordinary stadia observations r 
when the telescope is horizontal or when the staff is perpendicular j 
to the line of collimation. 


f . 

Usually - is given a convenient value such as 100 — occasionally 


60 or 200 — while (f +d) has a value of 1 to 1 5 or 2, depending upon the 
particular instrument. 


Example . — The constants ^ and {f+d ) for a certain instrument were 100 and 

1*5 respectively ; the readings of the three diaphragm webs, on a staff held at a 
distant point, were found to be 2 16, 3 30, and 4*44, the telescope being horizontal 
The intercept between the outer webs is thus (4 44— 2 16)= 2 28 ft., bo that 
by formula (4) the distance from the instrument to the staff 


D=2 28x100+ 1*5 
=229 5 ft. 

If the reduced level of the instrument axis was, say, 76 76 ft , that of the staff 
station=76 76 —3 30= 73 46 ft above datum. 


Determination of the Tacheometric Constants — The values of 
the constants and (/+ d) for a given instrument may be determined 
experimentally as follows * 

(a) To find /the cross-hairs are focussed on to a far distant object 
and the distance along the top of the telescope between the object- 
glass and the diaphragm screws is measured with an ordinary rule. 


Erom equation (2) 


f a* ft 


flo that if/j is very large, then as/ and/, are each less than the length 
of the telescope, £ is negligible compared with j or I, and consequently 

th“e ^$ eqUaI tie distence !>*'">“*• object-glass and 

obwtjST^ X n - ■ the , relatiTe between the 

altemSmAlte P ^ ^ 40 OOTrespond mti “V 

0 movm g the object-glass forward, or 
to the tefesSp^bt 6 eye ’ PieCe du ^ ba 8m backward relatively 

Of Shfa e wMe Ta ' ne of d “.«■»*»* for Cerent lengths 

hoS?’ ,offi££i‘ h fonn ? rase d » » variable quantity. It is, 

ally ody^etmat tTt^ le with . a f oldm ? r 5' ““frument are theoretic- 
y my accurate to the nearest foot, owing to the fact that the finest 
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f 

graduation on ibe staff is 0 01 ft, and that generally *^ = 100, ie a 
difference of one of the smallest readable divisions corresponds to a 

f 

difference m distance of 1 ft. With -= 50 the results are estimated 

% 

to the nearest 0 5 ft Consequently the sum of (/ + d) is, as a rule, 
expressed mcroty to the nearest foot or half foot — e g 1, 1 5, or 2 ft — 
but occasionally to the nearest 25 ft 

The distance t between the stadia webs is too small to be measured 

with ease very accurately, so that the value of ^is found by chaining 

or taping a horizontal distance D x from the instrument and noting the 
corresponding intercept s x on the staff The figures are then sub- 
stituted in equation (4), giving 

Di = Si *£+(/+ d), 

x 

from w liich, as ^ is the only unknown quantity, it may be calculated, i e, 

/_ Pi-Cf+d) 

i s x 

An average of several determinations is adopted 

Example.- The value of (f+d) having been determined by ^reefc measure 
ment as 1 5 ft , and the .staff readings at a measured distance away of 301 5 ft 

bemg 1 07, 2 57, and 4 07, the value of ^=3 00 ft, and /is found from equation 

(4), te. , 

3015= 3 00 4+15, 

t 

/= 522 =100 

* 3 00 

ffii An alternative method is to measure out two definite distance, 
D, and Dg and find the corresponding intercepts, s l and s 2 , on the staff 

h Hfs££g°these values m election (4) two snmiltaneoiis 
equations are obtained * 

d,-,,-?* (/+<*)> • • • • (B) 

D 2 = Sj/+(/+d), • ^ 

% r 

which may be solved to find the two unknown quantities - end /+ , 
g q by subtracting (5) from (6), 
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and by substitute in either (5) or (6), or by multiplying (5) by s 2 
and (6) by s ± and subtracting, we find 

■ J _ !g D 1 -3 I D 8 (8) 

®2 ,<f l 

Example -Two distances of 50 and 300 ft were accurately measured out, 
and the intercepts on the staff between the outer stadia webs were 49 at the 
former distance and 2 99 at tbe latter. 

The two equations arc thus 

50= 49 f+f+d (°) 

i 

300 = 2 99 t+f+d ( 10 ) 


By subtracting (9) from (10) 


250=2 50-C 
» 

£=100 


By substitution m (9) 50=49+ (f+d), 

(f+d)=l 

Anallatic Lens — To ebminate tbe constant (/+<?) from the 
formulae for telemetnc telescopes, an additional lens, known as an 


— 'f z ->! 

?:<•* I, 



Fro 168 — Anallatic Lens 

anallatic lens, is sometimes provided m the telescope between the 
object-glass and eye-piece The advantage of such a device is that the 
calculation of heights and distances from the field notes is very much 
simplified — particularly for inclined sights. The disadvantage — 
apart from the additional initial expense incurred — is that an appreci- 
able proportion of light is thereby intercepted Sometimes, to com-l 
pensate for this, the telescope tube is made of a slightly larger diameter 
than that of an ordinary instrument . . , 

t theory °£ the lens may be explained by reference to Fig 168. 
Let AB be the position of the staff, C the optical centre of the obiect- 
gtass, BjAi the position of the image which would be formed were no 

^/and/ ^a r07lded ’ S ° ^ ° C and ° xC aTe C0I1 i u § ate focal lengths, 

In the figure two rays only are shown from each pomt A and B — 
one passmg through the outside principal focus of the object-glass 
an emerging parallel with the telescope axis, and one passing m a 
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straight line (approximately) through the optical centre C of the lens 
(cf. Eig 58, p 50) 

The effect of the anallatic lens — which is placed between the 
ob]ect-glass and the image A 1 B 1 — is to intercept these rays, refract 
them, and cause the image to be formed at some position 6ocr, where 
if d be the optical centre of the anallatic lens, CjO ( =//) and CjO x ( =/ 2 ') 
are conjugate focal lengths 

The equations from the laws of lenses (p 51) are 


l.I + I 

f fi ft 


and 


. ( 11 ) 
• (12) 


(13) 


1=1- 1 
f U ft 

a result similar to (11), which may be proved from Fig 168. Also 
if AB=s, A 1 B 1 =i. and ab =i\ where %' is a fixed value, i e the distance 
between the stadia points, 

i-h an( j !*=&. 

% ft *' fi 

because the tnangle ABC is similar to the tnangle B^C, and the 
tnangle B^Aj is similar to the tnangle bcja. 

Therefore by multiphcation 

•Jx K . . 

? UK 

By substitution from (11) and (12) 

s_A~f f+ft' 

V T“* T 

fi-f f'+J-l, 

~T' r 

where d! is the distance between the lenses, % e ccy, 

f' + fjt-d' 

fUHA-M'z V) 

IF 

m+f-*)+M =L X 

ff 


, # _JL_ IKzn , . 

f+f-d' f+f'-d 

ff ' , Rd'-f) 

A = K J-c where andc f+f'-d” 


(14) 


=nr-~d' 

or J j+j ' w J J f 

^ tang constant for any parfacnlar mstrument as/, and are 
all fixed quantities. 
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Tlierefoie D, the distance from the instrument axis to the staff 
station, =/ x + d, where d is the distance from the instrument axis to 
the object-glass as m equation (4), i.e 

D = K.^-c + d (15) 

K 

By suitably arranging the values /, f\ d, and i, the value of -7 can be 

% 

made equal to 100 (or some other convenient number such as 50 or 
200 ), while at the same time c can be made equal to d 3 thus reducmg 
the formula (4) to 

D = 100 $, 

or more generally 

D=ms, (16) 

where m is a suitable multiplying factor 

Alternative Proof of Formulae.— The formula for the ordinary 
telemetnc telescope and that for an instrument provided with an 
anallatic lens may 

also be derived geo- » 

metrically 

Let A 1 B 1 (Fig. 

169) represent the 
wires of the dia- 
phragm Then those f 
rays proceeding from 
A and B which travel 
parallel to the princi- 
pal axis of the object- 
glass lens after re- Fra. 169 

fraction at A u and 

B u must pass through F l5 the outside principal focus of the lens. But 
it A* and B a are at constant distances from the axis, A„ and B„ are 

taS aa Fi a aiso faed - the “g> e » 

From the similar triangles ABF X and AuB^j 



AB OF, 
A U B U CFj* 

s_OF! 

* /’ 


where j is the distance apart of the stadia webs A B = A T? / ™ 
AB S lengtil ^ o£ the “hjeot-glass. and *« £ thi‘lnteic{pt 

.% OF^sX 

% 

The distance of the object-glass from AB = OFj+/, and if the 
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instrument axis is at a distance d from the object-glass, the total 
distance is given as before by the formula 

D -s.£+f+d. 

i 

Anallatic Lens. — To consider the effect of the anallatic lens let ba 
(Fig. 170) be the positions of the diaphragm webs, and let BB U F'&'& 
represent the path of the particular ray from B which becomes parallel 
to the axis of the telescope after emerging from the anallatic lens at Cj 
and which therefore passes through the principal focus F' of this lens 
Then as b remains at a constant distance from the longitudinal axis 
OC o during focussing, the position of the point b ' is fixed when the 
length cib — il is decided upon 

The slope of the line 6'F'B U depends upon the value of the principal 
focal length/' of the anallatic lens (t e upon the position of F) and 
also upon the position of 6', i e upon the value of %' The position of 
"R xs further dependent upon the distance 61 between the two lenses, 
11 and the direction of 

B U B is governed by 
the principal focal 
length (/) of the 
object-glass and by 
the position of B u 
Let the direc- 
tions of BB U and 
the corresponding 
ray which proceeds 
from A to a, viz 
AA U , meet when 
produced at a point 



Fig. 170 —Anallatic Lens 
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tachbometry 

for general work ft - left A ^ 

telescope is iaHed nnfal the three nonzonn ^ ^ ^ fte 

an|e (#fd d^vatom depression of the telescope and the bearing 

Tfe o SCi-W- br^etbl 

rf“pta^ Let ABi the distance CO=l, the homontal 

distance CE =7i, and the vertical distance BU -u. 1o , 

Then in the figure, if A'B' be the projection of AB perpendicular 
to the line of sight, as AB and A'B' are at right angles to CE and CO 
respectively, the angles AO A' and BOB' are each equal to 0 so that 
if the angles AA'O and BB'O are assumed to be approximately 90 , 

A'0=A0 cos 0 and B'O =B0 cos 0, 
ie A'B' =AB cos 0, 

or writing s' for A'B' s' —s . cos 0. • • • 


. (17) 



x A'B' may be determined more rigorously if we assume the angles 
ACO and BCO are each equal to a, say 

Then the exterior angle AA'O of the triangle A'CO is equal to the 
sum of the interior and opposite angles A'CO and A'OC, i.e 


AA'O =90° + a, 

also as B'OC is 90° the remaining two angles of the triangle B'CO are 
together equal to 90°, and consequently 

BB'O =90° -a. 


From the triangle AOA' 

An _A'0 .sin AA'O 
sm A'AO 


and similarly 


_ A'Q sin (90° + a) 
sm {90° - (0 + a)}’ 

■pn _ B'O sm (90° - a) 
sm (90° -(0- a)}* 


(18) 

(19) 
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By addition AO + BO = s 

_A'B 'r sin (90° + a) sin (90° -a) \ as A'0=B'0- — 
“ 2 W{9O°-(0 + a)} sin {90° -(0- a)}/ 2’ 


ic. 


cos a 


, _ f cos a 

* ~ 2 ‘ Icos (0 + a) cos (0 




_ s' f cos (0 - a) + cos (0 + a) 

2 * 003 l cos ( 0 + a) cos (8 - a) 

cos a 2 cos 0 cos a 


5 uuo u m uwo t/ wo «- 

2" (cos 8 cos a - sm 8 sm a) (cos 8 cos a + sm 8 sin a) 

s' cos 2 a 2 cos 0 

2" * cos 2 8 cos 2 a - sin 2 0 sm 2 a 


• _ f cos 2 6 cos 2 a - sin 2 8 sm 2 a - ! 
,.s—s | cos 8 cos 2 a J 

— s cos 8-s . 8 ™ s q tan 2 “j 1 


(20) 


but as a is very small, tan 2 a is small, and the second term is negligible 
^ The distance l along the line of collimation CO by formula (4) is 

^equnl to 

MW.t+f+d, 


l=sJ- cos 8 + (f+d), 

0. 


. ( 21 ) 


tc 

and the horizontal projection = l cos 8, t e 

]t=s £ cos 2 8 + (/+ d) cos 8. . • (22) 

i 

Similarly the vertical height of 0 above the instrument axis is 
lsmd,ie . 

v = s.-'.sin0cos0 + (/+d)sin0 J . • W 

n. 

. . (23a) 

. . (236) 


or 


or 


% 

8 / s iiM + (/+d) sm0, . 

z 2 


h tan 0 


“££^£3*; z 3£ZXT£Z&* 

In taking the observatio , ^ of degrees 0 r nunutes or be 

vertical angle shah be a ^ ^ enable the functions to be 

ox Bometunes the tower st-adia 

i Breed and Hosmer, Suneying, vol u 
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reading is taken at an even foot so that the stadia interval (s) is more 
easily calculated 

The values of cos 2 8 and sin 6 cos 8 may be deduced from ordmary 
mathematical tables, or from one of the specially prepared works in 
which these functions are tabulated Diagrams are also published to 
facilitate the computations, and special forms of slide rules are manu- 
factured. 1 

When the telescope is fitted with an anallatic lens, the same formulae 
are applied, but the term containing (f+d) is omitted m each case 

Note. — The formulae for the reduction of horizontal distances and vertical 
heights may be dispensed with entirely, by the use of a direct-reading tacheometer 
such as that devised by Prof H H Jeffcott a In this instrument, by means of 
a simple cam and lever mechanism, the stadia points are automatically made to 
move relatively to one another as the angle of the telescope is altered, and this 
enables horizontal distances and vertical heights to be read off directly from the 
staff intercepts. 

Example 1. — The readings on a staff held upon a bench mark of reduced level 
80 00 were 1 00, 2 56, 4 14, while the vertical angle was - 6 o -32'-00'\ The readings 
at a station N were 2 00, 3*88, 6 76, while the vertical angle was 4°-18'-00" 

Deduce the horizontal distance from the instrument station to N, and its 
reduced level if ^ = 100 and (/ +d) = 1. 



The vertical distance of the axial web below the instrument axis in the first 
observation (Pig. 172) is by (23a) 

u=3 14. 04 x 100 + 1 x sin 5°-32' 

=314 x 0960+ 09 =30 23 ft 

.The BM is thus 30 23+2 56=32 79 ft below the instrument axis The 
reduced level of the instrument axis is therefore 


32-79+80 00=112 79 ft 


The horizontal distance to the second staff station, i e. N, is 
tion (22), t c. 

ft =3 76 x 100 x cos® 4°-18' + 1 x cos 4°-18' 
=376 x -9944 +1 =375 ft nearly. 


given by equa- 


ver tical distance of the axial reading O above the instrument is, from 

(23o), 


v =ft tan 0 =375 x 07519 =28 20 ft , 


* See Proc Inst HI, and Cy E vol lu , for a Nomograph bv 
- A Direct -Reading Tacheometer,” by W. H Connell 
Instruments, June 1926. 


the Author. 

Journal of Scientific 
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wr, irorn (i!3BJ, 


w=3 76x 100x- 


- + 1 x sm 4°-18' 


=370 x 0748 + 08 
=28 20 It 


lc\cl is 112 70 + 21' 32=13? lTft ^bovo^nUim **“ ax,s ' and *ho reduced 

readings from nif lStramTnt^stmf/on (T^ “* nnalIatl ° Iens 6 ave tho following 
2 of i 28, 4 S ,° f red,,CCd l0VCl 80 °°’ an ® Ie of Nation 1 W( stadia readings 
(2) On point P, nnglo of depression 2°-48', stadia readmes 1 00 19 k oc 

Tlt^Za 1C d d : StnnC0 C to P * and d ° reducaTSoJp 3 12 ’ 625 

on,Uh„ B \h?CC.^ *” * (23o >- 


«= 2 57 X 100 X 5~° = 257 x 0262 
=0 73 ft 

Tlic reduced level of tho instrument avis is therefore 
80 00+ 3 28 - 6 73= 76 55 ft. 

The horcontal distance to P by equation (22) 

*“« • { cos 8 2°-48'=425x ( 098S) 8 =424 ft nearly. 


The vertical distance of the avinl reading below tlio instrument avis is 
«=424 tan 2 0 -48'=424 x 0489= 20 74 ft , 

or, from (23a), t>=425x g m g °- 36 ' = 20 74 ft 

a 

The reduced level of Pis therefore 76 55- 20 74- 3 12= 52 69 ft above datum 


(b) Staff Inclined — When the method of holding the staff at nght 
angles to the line of colhmation is adopted for inclined sights, the 
correct inclination of the staff is secured by the staff man, who sights 
to the instrument along a special rule or small telescope fixed to the 
side of the staff for this purpose 

The instrument man can also see tins sight through the tacheometer 
telescope, and he can judge as to the accuracy of the position of the 
staff, whereas when the staff is held vertically the truth of the verti- 
cally depends entirely upon the judgment of the staff man The 
inclination of the staff should of course be directly towards or away 
from the instrument, and as in ordinary levelling operations, any 
error at right angles to this direction is easily seen by the instrument 
man, who may signal the information to the staff man 

The distance along the line of colhmation is given by formula (4), i e. 


l=s.f+(f+d), .... (24) 

% 


or 



for an anallatic lens. 


« 


(25) 


i 


I 


I 


* — * 




2% 


9 









-’-'i.-’V, 4 *Sf. 

i * '*r—r 

s , j 1 ,‘-J 
* ^ * , - 'S J A 

' f “ f V. V 5>''JP? 


'<- 


i ,f 


i * * ' ftS '3 *P 

> < V'.* V a '-j 

'* ?' C-;V^w * 5 1 

if * ¥ 


e * * W* * ' 

v ‘•>: i r^f y&s 

”'$S 


■-«.*. A. - 


* IT 

t 

V 


!a 







i 


* 



-<J i 


.,•':? i 


Vt^ 

y i , 

y>‘ 


v'. 

J',. y 

\*y 

y'<S 

/ Xi* 

>. ‘V^ 


/' *£ 

- / y 



\ 

*- % 

*• 

** 

X X- ' 


TACHEOMETRY 239 


and the horizontal distance 

h = l cos 6 . . . . (26) 

and the vertical distance 

v = l sm 9 (27) 

Strictly speaking, the value of h given above is the horizontal 
projection of CO, i.e 
the length CE X (Fig 173), 
while the horizontal dis- 
tance required is CE, 
where E is vertically 
below the foot of the 
staff D 

This error 00!= DO 
sm 9 is generally negli- 
gible, as 0 is kept as 
near the foot of the staff 
as possible, and DO is Era 173 —Inclined Sight 

only a few feet in length, 

while sin 6 is very small when 9 is, as is usually the case, only a few 
degrees in magnitude. 



juiMimjtw *—, in an ordinary 


VMUV IT MVU 




DO sm 0=5x 0698= 35 ft, 
which is less than the probable error of observation. 

If DO =5 00' and 0=30° — a value which would be less seldom obtamed 
practice— the error is more appreciable, and a correction should be applied, t 

DO sin 0 = 5 x 5=2-5 ft. 

„ “ariy, in computing the reduced level of D, the usual procedu 

+!o!Jr d ° r 1 su1i 1 tra . c ^ as tlie case may be, the axial reading DO fro 
the reduced level of 0, instead of the more correct value of DO cos 

orZ h i'rit S oe S DO(1 - COa 9)> ■«“ fc 

IS applied B oSyJ00(I°- mm- 012*?? 'Smb 1 ” “IS 1 ” 158 8111888 8 corrects 

1,1,88 » 8 8 ™ * more a^remabfe,’ Z “j 8OT)= W" 1 08 

Errors due to Incorrect Inclination of the Staff rni -i ,, 

fauly 

Sl " a ^ IOept T 4116 s , tafi when Alined at 4 from tie to 
a =H,? , ?° n “ d 8 ™y 110,11 tie mstrament 
2 >o intercept oa tie stafl wien inoined at i from tl 
s’ n,! IU ! P osltl011 tat towards tie instrument * 

' ” the mtCT cept on tie stafi wien ield Sj. 
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ffl ' =fche intercept on the staff when held at <}> from the vertical 
t an d away from the mstrument 
s 2 “the intercept on the staff when held at (f> from the vertical 
and towards the instr um ent 

a=thc angle subtended by half the intercept at the instru- 
ment 

For angles of depression s t and */ are the mtercepts when the 
staff is inclined towards the mstrument, and s 2 and aJ when mchned 
away from it. 

Staff Inclined— li a point near the foot of the staff is bisected by 
tlie lower wire, for angles of elevation, ‘ 


(a) i = g m9 °-^- a and (6) £ «. anW-£ + a 
s , sm 90 + a ' ' » — nn 


So sm 90 - a 


_ cos a + <f) 
cos a 


_ cos a -(f) 
cos a 


and 


cos a 

j * s 

cos a + <J) 


and So — 


cos a 


’2 5 • ®* 

cos a - <p 

The true horizontal distance CE (Fig. 173) is 


(s {+/+<?) cos 0 + | sm 9, 
and m (a) the apparent horizontal distance is 

bi+f**) cos 9, 
which is too small by an amount 

5 sin 9 - (s x -s)t cos 9, 

a l 

S 0 f n ( COS a 

I c. - sm 6 — 8 cos 6 ( — r -11, . 

2 l \cos a + 0 / 

and m case (6) the apparent length is too small by an amount 

^ sm 9 - s . £ cos 9 (————j - 1) • • (29) 

2 i vcos a -<p J 

For small angles, le. until tan 9 

2^(~ cos a -r- lY the values given by equations (28) and (29) are 
i Vcos a -(p / 

negative, and the errors are consequently positive 

If a correction is made as explamed above, the apparent distance 


(28) 


or 


will be m case (a) 


(sj^+Z+d) cos 9 + Q* sm 9^, 
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and tlie error is now positive and equal to 
(f „ sin 6\ , \ / cos a \ rf sin 6\ „ 

ft 003 fl + T- } (*« - •) “ s (o'osa + ^ - V (j 005 6 + T~)’ (28a) 


and m case (6) ({ cos « + . 


(29a) 


Similarly tlie actual height of the staff station above the instrument 
axis is 

(s { +/+ d) sm 0 - 1 cos 6, 
while m case (a) the apparent height is 

( s i £+f+d) sm0-|, 

0 a-<pi 




Fio 175 — -Vertical Staff. 


Fig 174 — Inclined Staff 
and the resulting error (positive) is 

% cos 0+^sin0 ( s t -s)-% 

•« («) s.^sindf-^l^- 1 V-f-^ifL_-co S ^ f 30 \ 

i Vcos a + <f> ) 2 Vcos a + 0 /’ * ^ 

and m (6) S f_£21i__ 1 ').£f_5^__ cos e \ 

* Vcos a-<f> V 2 Vcos a -<f> V* V L ) 

If, however, the more correct expression ^ cos 6 is deducted from 

v instead of ??, the errors are 


(o) 
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Each of these oppressions is zero for 0 = 17', and gives a negative 
error below and a positive error above this value 

Staff Vertical . — In order to compare the two conditions it will be 
necessary to express s' in terms of s. 

By (20), using the new notation, -.-(cosO- 

mi the ratio (<•) mi (d) »; = am 90-0-.^ 

w sm 90 + 0 + a w s,' sm9O-0-a 


cos (<f> - 0 - a) 
cos (0 + a) 


s* sm uu + u + a ' ’ s, - 

_ cos (0 + a + 
cos (0 + a) 

The error m length in a positive direction is 
(c) = (s/ -«')•£ cos 2 0, 

and in height (s^ - s') - sin 0 cos 0 - £ (s/ - s'), 

t 

or substituting for s' m terms of s, the positive error in length in (c)is 


J- 


cos 0 


t cos 2 0 - sm 2 0 tan 1 
and negnth e error m length in (d) is 


_ - 1) cos 2 0, . (32) 

r a \cos 0 + a + </> / 


/ cos0 A _ cos0 + a \ cos2 # t (33) 

‘ i cos -1 0 - sm^Tton 2 a \ cos ^-0-a/ 


f 


[Tho error m d is positive for values of 0 less than(|-aj, at winch anglo 

the error ,s 0 and the error m c » acgat.ee for values of « less than (|+*). at 

■winch angle tho error is 0] 

and the positive error in height in (c) is 

a ({ out . cos e -i) - 1). M 

cos 2 0 — sm w 0 tan a H 

and the negative error in height in (d) is 

(f«#«f-!)(i-5r£&)- (36) 

cos 2 0 - sm- 0 tan- a \t ^ 

An approximation may be obtained l by 

whan Ss above expressions mil be much simplified. 

Mg the s^n, trbea <1=2- for different vetoes of f up to 30 . » 
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The lower stadia reading, ns m the above equation 1 *, h ti-Miimcd m r.'v!i ft» s.« 
possible, 

A great number of the \ aJucs shown are of co.ir-c negligible, t g r 
length of 1 fool and under, a* the errors of obseruUion fire of t! * tinl—, At-1 
similarly with errors in height of *01 or thereabouts 

It will be noticed that much better results are ob'amab’e with tin 
staff, i e columns (2$) (31a) 

Method of Procedure — The usual method of earning out a t iclteo* 
metrical survey is ns follows: 

The instrument is set up nnd le\ ellcd nt some station P, from \.Kh 
n number of sights can be taken to prominent or goxernmg portions 
nnd objects at the commencement of the survey , and the height of the 
instrument a\is above the peg at P is nmirnteh measured 

The zero of the vernier is adjusted to nnd clamped nt the zero of ti e 



Tin 170—- Tnro's fa 

horizontal circle of the instrument, ayhicli is then turned t‘<* 

lower or outer axis until the telescope heun the magnetic tn-r,.li m e 
indicated by the compass needle, or m the true m-Tidim m 1 

by agronomical bearings, or is directed to anv otVr nrbur > ; , 
cLcn as a referring objrr t 'll* m«drmnent i. then » < -mj-1 nn 
bearings of all other (mints referred to tlus ''I ' 

Usuallv the northerlv direction (magnetic or a* trnr omn d) i t.r , 
rerrc Anlin- a bearing of 30/.’ {. c. re-), bat in Amw .» !*- ‘ ^ 

Rout ins often referred to an the origin. , i.» 

The telescope is then directed to a bene i tnfi r * . i* ’ . , 

nr Which } as been w*uon<b determine 1, .and t- I wuroi.t d y n 

rf " w ,.";r 

SSlS divln - A-* -l ' 1 ** 
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From P a number of “ side shots ” are taken to prominent points 
and objects wi thin range, and similar data to the above is booked for 
each. 

To plot a complete plan from the stadia observations only would 
require an enormous number of readings, so that to facilitate tie work 
a great deal of information and detail should be noted and sketched in 
the field book. 

On these sketches the positions of the various staff stations should 
be indicated, and the stadia readings supplemented by cham and tape 
measurements in the case of buildings, widths of roads, etc 

When all the required " side 55 sights have been taken from P, a 
final complete set of observations is made to the next instrument 
station Q, and the instrument moved to and set up at Q. 



.Fig 177 — Errors in Height. 


The vernier of the horizontal scale is kept clamped at the readme 
which from P recorded the bearing PQ; the telescope is transitted 
and directed back to the staff held at P — rotating the instrument 

about its lower axis and adjusting with the lower clamp and tan gent 
screw • 


Ihe stadia readings and the vertical angle are then recorded, an 
the height of the instrument axis above Q measured. From the: 
observations the ^stance from P to Q and the reduced level of Q ca 
be calculated and checked . The telescope is then transitted to il 
normal position and a further number of side shots taken from hei 
before proceeding to the next station R. 

m method of procedure is thus similar to the “Fast-needle 
method of traversing, described in Chapter Y. If the telescop 
cannot be transitted, after directing back to P, with the vernie 
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still fixed at the bearing of Q from P, the same results may be obtained 
by reading all the bearings required from Q upon the opposite vernier 
to that used at P 

Example — In tho example on page 247, the data in columns 1-6 and 10 are 
obtained from observations in tho field, while the remaining columns are filled m 
by calculation. Tho reduced level of the B M , t.c 86 60, is known from a map or 
from previous surveys 

Tho calculations for columns 7, 8, and 9 are similar to those already desonbed, 
and will afford a useful exeroiso for the student, while the following notes will 
explain the object of tho remaining columns ^ 

Tho height of tho first station above the instrument axis (Tv) is 19 50-3 61 
— 15 g 9 feet, and consequently this figure is entered m the “ Rise ” column 
the height of tho instrument axis is therefore 86 60— 16 89=70 71 ft. above datum 
From this figure tho altitude of the second pomt is deduced—* e 70 71-2 43= 
68 28 ft Tho third staff station is 16 99+ 4 87=21 86 feet below the instrument 
axis and hence its reduced level is 70 71-21 86=48 85 ft above datum Tho 
value 21 80 is entered in tho “ Fall » column as shown 

Similarly tho staff station B is found to have a reduced level of 70 71+20 96= 
91-07, hence when the instrument is set up there, the reduced level °f the ons is 
91 67 + 4 82 = 90 49 ft , and tho height of the staff station A is 96 49-30 80- 
05 09 ft above datum As a check the reduced level of A calculated from the 
first line is 70 71— 6 01 (t e tho height of the instrument at A)=6o 70 ft , which 
agrees nearly with tho value 65 69 obtained above 

Modifications.— Several modifications of the usual method described 

above have been suggested • . , 

m Sir Dempster 1 m a preliminary traverse for a railway in the 
Eastern Transvaal used an ordinary 5-mch Troughton-Sunms tacheo- 
meter with the extremity of one of the vertical circle vermer arms 
extended about 35° above and below the horizontal This arc was 
engraved in both directions from the horizontal, with a sm-cosscale 
while upon the vertical circle was an arrow mark The opposite 
vernier Ln was provided with a vernier as usual, for reading angles of 
i o+i rm nr dpTiression but was not used for the tacheometric work 
men tle Ew was honzontal, the arrow was m comeuience 

?l:4ssssr. 

sssssssicssjftjJijHSs 

arrow mark mto coajmroUoajnth »y convent ^ 
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angle, or tong the 2i readings taken which 

Thus m formula *3 tire work of 

reduction is much amplified ft0 „ 
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-2xD 53= - 19 06 ft , and the reduced level of the staff station, if that of tho 
instrument axis was 3781 0, was 3781 0- 19 06— 7 61=3764 4 ft nearly. 

In tlie same paper Mr Dempster describes a set of scales for 
executing the calculations mechanically , by the use of these he 
dispenses with a great deal of the drudgery of the reductions There 
is also a short table giving the amount per cent to be deducted from 
100 x s, for different divisions of the sin-cos arc, in order to compute 
the horizontal distance (h) from the instrument to the staff station 
For the majority of sights, the correction is negligible unless the 
vertical angle is of considerable magnitude 

It may be interesting to note that in the total length of 115 miles of 
tlus survey, 41,248 pomts were observed, which is equivalent to 360 
points per mile On the heaviest section, however, 18 miles m extent, 
the average number was over 500 per mile. 

(2) In America, eg. on the Minnesota River Survey, 1 where 
approximately 175 pomts per square mile were observed, the values 
of small elevations have been ascertained by the Interval method 
In this method the telescope is first truly levelled and some pomt is 
noted on the landscape, which coincides with the central web of the 
diaphragm By means of the vertical circle tangent screw, the 
telescope is next tilted until the lower stadia is raised to this pomt A 
point coinciding with the upper wire is now noted, and the lower web 
brought up to this, the process being repeated, and the telescope 
tilted more and more until both webs are seen to intersect the staff 
That is, the vertical distance from the horizontal to the final mtercept 
on the staff is measured in terms of a number of stadia intervals, and 
consequently the elevation of the staff station is approximately (ht. 
S 3 + (number of stadia intervals x value of one interval) - 

web is raised to occupy the ongu.al poa.tion of the 
° rnofpndrff the middle web in the first instance, the axial reading 
Staet«d” ae lower weh readmg Angle. of depreacon 
may be similarly measured 

-b« »■ i" 

such intervals, then the re- 
duced level of the staff 
station is 

86 6+ (2 x 9 6)- 1 6= 104 Oft 

jf 86 5 is the reduced level 
of the instrument axis ana 
1 5 and 11 0 the final staff 

readings . .. 

For the small angles to 

which this method is ap- 
plicable the horizontal dis- 

. lOOxsxcos C approximately where a-Sxthe aag,e wh.ee .herd - 
3 * 34 '' 23 ’ * ® hs= 950 x cos l°-43'-9 ff = 950 ft nearly. - 
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This method : 

heights of more tnam.nj.ee iumu^ » — ~r — t — 
fnr the increase in the stadia intercept as the slope increases 

Mb W? lesas an approbate rule : “ When more than three 
interval are read, reduce their rod equivalent by -1 per cent of itself, 
for each interval above three ” 



OUO UJLULLLLCLiaUJJL XO dxjjliau. vumu v**w ~ 

angles The calculations are also simplified. , . , c 

TMJ^J^seJT^eodolitg —The principle of this type of instrument, 
is the same as that of the tacheometer already described, except that 
for each reading the cross-hairs are adjusted by means of finely threaded 
micrometer screws to intercept some constant distant s on the staff. 
That is to say, for horizontal sights the formula 


D«s.*f+/+d 

i 


still holds, but s has a constant value — usually 10 ft — while 


/ 


to 


variable 

The distance apart of the webs (a) is measured in terms of the pitch 
(p) of the micrometer screws, the whole number of turns being in- 
dicated on a scale in the field of view, while the decimal parts of a 
revolution are indicated on the two micrometer drums which are 
situated one above and one below the eye-piece of the telescope. 

An expression for - in terms of the micrometer scale can be best 


determined experimentally, by measuring (f+d) on the instrument 
itself, chaining out distances D x and D 2 ft , and taking micrometer 
readings ?% and for s = 10 ft say. That is, the staff has two fixed 
vanes, e.g. discs marked with a black cross on a white ground, spaced 
10 ft apart, and the subtense or stadia webs are manipulated by means 
of the micrometer screws until this distance is exactly intercepted by 
the two wires 

The reading m expresses the number of revolutions and parts of a 
revolution of the screw and the corresponding movement of the webs 
through a distance of m multiplied by the pitch, i e. irvp 

Or if there is an index error e, then % = — e) p m the first case 

and - c) p m the second. 


Then 




K-elp* 

“ d D s -(/+d)= . 

{m 2 -e)p 

so that {D 1 - (/+ d)}{% - e) = (D 2 - (/ + d)}{m z - 

from which c may be determined. 

1 Engineering News, vol lav. No. 9. 


• ( 36 ) 
. ( 37 ) 


\ 





; 




m 




t 

*' 



250 SURVEYING 

Tiicn by substitution in (36) 

/_ Pi - (/+ d)}(m t - e ) 
p r =csa 7> • • (38) 

v*ere o IS the coefficient of the instrument for an intercept of « on the 

The general formula then becomes 


D =~ + (f+<Q' • 


or if there is no index error, 


m-e 


. (39) 


D_ S + (f+i) (40) 

The values of c and e should be constant for any other values of 
V unless the screw is cut inaccurately, and with a screw of 50 threads 
to 1 inch, and a focal length of 12 inches, c has a value of about ir J 7r 
Inclined sights are calculated by equations (2I)-(27), exactly as in the 
case of the telemetric telescope before described 

The micrometer wires are often capable of being turned into a 
vertical position, so that the graduated staff can be read horizontally 
instead of vertically. 

In this case the micrometer drums are brought to the right and 
left sides respectively of the eye-piece, and the modified formulae for 
inclined sights are then 

h={~ + (f+d)}c° S B, . . . (41) 

and v — + (/+ d)J- sm 6, . * . (42) 


instead of the formulae given in equations (21)-(27). 

When the staff is to be used horizontally, it should be provided 
with two sights to enable the staffman to place it exactly at nght 
angles to the line of sight from the telescope The reduction of the 
readings of the subtense theodolite, it will be seen, is much more 
laborious than for the usual tacheometer, as the reading m is m the 

cs 

denominator of the fraction — . The field work for long sights is how- 
ever probably more accurate, as it is much easier to intersect a fixed 
mark or vane with a movable wire than it is to read the staff gradua- 
tions. Very accurate results can and have been obtained with this instru- 
ment, but the ordinary type is much to be preferred for general work. 


Example —The constant for an instrument being 610, the value of (f+d)=* 
1 6 ft., and the intercept s= 10 ft Calculate the distance tom the instrument 
to the staff when the miorometer readings are 4 238 and 4 242 
Here m=4 238+ 4 242= 8 480 


. p- 610x10 -fig* 

** V 8 480 


: 721 ft 


8 480 





r 


r 

s 


i * 





vV 


s 

i- >r > 

* * J/ , 

-* ' /> 

' V^' .<'} 

' \y , 

•- V 

9 *y 

. / 
' , ■■<■: 
.V ' f 

.<» /V 


A 

-f t / 

f ^ 4 < ^ 


<v 




i 



TAGHEOMETRY 


251 


Tangential Method.— In the tangential method o£ tacheometry 
the horizontal and vertical 
distances from the instrument 
to the “staff” station are 
computed from the observed 
vertical angles to two vanes 
fixed at a constant distance 
“s” apart upon the staff. \E i 

mi -t n /t?.« inn\ — ~ -j- x.^xr. ....... — ■ "* 

j v 

Fio 179. 


7) 


Thus if C (Fig 179) repre- 
sents the axis of the instru- 
ment, D the staff station, A 
and B the two vanes, and a 


Tangential Method of Tacheometry. 


and jS the two angles of elevation to the vanes A and B respectively, 
then the horizontal distance 


Therefore if 


or 


and from (43) 


GE = EB cot j8 = EA cot a. 
EB = v say, 
v cot j3=(u + s) cot a, 
v (cot /? - cot a) — s cot a, 
r _ stan ft 
tan a - tan j3’ * 

CE= h—v cot j8 
s 


(43) 


tan a -tan J8’ 

When a is an angle of elevation and jS an angle of depression, 

5 


h=- 


and 


tan a + tan jS’ 

v = 7i tan J8 - — 

tan a + tan p 

■nhile if both a and are angles of depression, 


ft- 


tan jS - tan a 


and 


v=h tan j3= — -J^ 11 ft , 
tan |8 - tan a 


(44) 

(45) 

(46) 

(47) 

(48) 

(49) 


of theS^ClT^ v , ert u al a ° gles to vanes fised at 2 ft and 12 ft above the foot 
DcdSf Statl ™ D were 2 °- 14, and 6 °- 36 ' respectively, 

uistramcnt Si 3 distance, and the reduced level of D if the height of the 

Svedatum detenmned ^ observations on to a bench mark to be 137 14 ft. 

By substitution in formula (45) 


ft- 


10 


while 


tan 5°-36'— tan 2°-14' 

- 10 

•09805- 03900 

v=h tan 2°-l4'=6 60 ft 


= 169 3 ft 
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Tho reduced level of D is therefore 

137 14+ 6 60 - 2 00= 141 74 ft 
Had 2°-14' been an angle of depression, 

h= 09805 + 03900 = 73 ft nearly> 
and « = 73x 03900 = 285, 

so that the reduced level of D would have been 

137 14-2 85-2 00 = 132 29 ft ; 
while if both angles had been depression (5°-36' to lower vane), 

1 n 


ft= 


10 


.=169 3 ft , 

09805- 03900 

v=h tan 5°-36'= 16 60 ft , 

and tho reduced level of D would have been 

137 14-16 60 - 2 00=118 54 ft 

Accuracy.— The degree of accuracy which is obtainable in the 
measurement of linear distances by tacheometiy depends not ordy 
upon the length of sight but also upon the power of the telescope, the 
type of stadia rod, the type of diaphragm webs, etc , ^ 

inclination of the line of colhmation. If an ordinary levelling staff 
divided mto 01 ft graduations is employed, it is usual to read any 
SITon upon which the hair-line falls as even and any white 
SvmonTodd^so that the limiting error should be about 0 01ft 

aniTtta probable error Jd be equal to the average error of 

* °Tto -Slue of the intercept might be taken to have a p e of ± 0 006 
lo +n nn7 ft say which corresponds to an error in the distance 

& ON ft « short §£*£5 S 

Ste7 b X" r ffie are however otter eourcee of error, 
. . a small inaccuracy in the valuef or m the additive constant (/+»). 
a small displacement of 1 tte > 

Some of these errors would be appear to be 

The chief source of error provided that the distance 

independent of the graduations very indistinct 

ZX lEf* XT % errof would probably be very 

en t B B 

^ a tW"Xl.Xt|Joht. With stttta webs 

about 80U it; j Duuiv would be expected. 

■g*JJ5tSa he obtained, readmg the three han-bnes, 
i Pfoc Inst OE vol cxvj, 
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tacheometry 


rivea below The staff was graduated to 01 ft , aud provided with a 
small spirit level to ensure vertically. 


Length of Line 

0 to 
100 ft 

100 to 
200 ft. 

200 to 
400 ft 

400 to 
COO ft 

COO to 
800 ft 

800 to 
1000 ft 

Above 
1000 ft 

Total 

Number of lines 

5 

13 

41 

39 

31 

10 

1 

140 

Average length 
per lino in feet 

55 94 

163 01 

328 88 

498 96 

676 97 

912 49 

1136 19 

475 64 

Average error 
per line 

0 20 

0 57 

0 72 

122 

1 51 

2 82 

2 07 

116 


If tlie values of tlie average error be plotted it will be seen that they 
he very approximately upon a straight lrne for distances up to 800 ft., 
so that, contrary to expectations, the average error appears to vary 
directly as L, according to the equation ave - ± 0-0024 L 

Thus in a stadia traverse of N sides each of length L feet, a closing 
errox — assuming the angular dimensions to be correct— might be 
expected of 0 0024 L . n/N, though if the usual practice is adopted of 
observing one backward and one forward reading between each 

station, this might be reduced in the ratio of 1 * so that the average 

error due to errors in length would be then about 0 0017 L >/N. 

Comparing this with the results obtained by good chainage with an 
av e of say 1 in 2000 (the limiting error being 1 in 1000 say), the 
accuracy of the two methods would be about equal for sights of 400 ft., 
if the traverse had about 12 sides, i e. 


0 68 VN= 0005. 400. N. 


For inclined sights additional errors would be introduced owing to 
small errors in reading the vertical angle, and m the holding of the 
staff 

For inclined sights, by the differentiation of equation (22), neglecting 
the last term, since {f + d) is small and the error induced in it negli gib le, 

h-sJ^ cos 2 9 + (f+d) cos 9, 


87^ _ 8s 

h 7’ * 


. (50) 


87*2= - s J. 2 . cos 9 sin 9A9, 

i 

= - 2 tan 9 d9, 


(51) 


+ Ji—J + 4 (tan 9d6f. . . (52) 
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n 

In this expression the value of — depends upon 

s 

(1) The inaccuracy in reading — as considered for level sights ; 

(2) The inaccuracy in holding the staff — vide Table, p 243 

Other errors v, hich enter into inclined sights havealso been mentioned 

in the previous pages 

Space will not allow of a further examination into these errors, but 
the student will be able to compare results for inclined sights by 
assuming a p.c in the vertical angle of say ± 10", and in the vertically 
of the staff of say ± 30" to 1°. 

The Subtense instrument, fitted with a micrometer eye-piece, should 
give rather more accurate results than the telemetnc telescope con- 
sidered above 

The Tangential Method .—. For the tangential system, the error may 
be studied as follows 

Let 87<j be the error m length due to an error Ss in the distance 
apart of the vanes 

8/. be the error in length due to an error 8a in the angle a 
87/3 be the error m length due to an error SjS m the angle 0. 


Then as 7/= 8 . — a» 

tan a - tan p 


87/^ 


8s 


tan a - tan 0 


or 

h s 


.. M s see 2 a 8a , 87/p sec g a8a_ 

Also 87/ 2 - - ( tan a _ tan pf h tan a - tan 0 

sec 2 a Sa h 

or • 

s 

.. s sec s /f tip 

Also on 3 = a n a _ tanjSp h tan a -tan p 


or 


sec 2 ft S]8 h 


(53) 

(54) 

(55) 

(56) 

(57) 


or , ± Ss * 8a and ± sp are probable (or average) errors, tbe p e (or 

av e ) m 7t, t e. a . 

8 h= ± - Jfisf + (7/ sec 2 a 8a) 2 + (A sec 2 /? S/J) 

Tbe intercept s may as a ^ri de be Mna dmed corr «t 

cSiSife-r 01 e 

8i» + ■ ■ (69) 

Tims, for example, if h^iOO ft a= -/l =43', and a *10 
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pe . in distance might be ejected of «t ft., when Sa = S/3 = ±5 

seconds say, i e. JJ<WV%0 

s/i = (122) . 000024 x 1 4145 = 54 ft. 
on 1Q 

n8a- ±10 seconds this error would be doubled, i e . 1 ° 8 ^ ^ 40 ®* * 
The figures 1 tabulated below are due to experiments by fc U 
Middleton, a single ER and EL observation being taken on a 5-rncb 
theodolite graduated to 20' for each point (i e. tbe angles are tbe average 
of 4 readings). Tbe conclusions drawn from this and tbe previous 
table are not quite tbe same as those deduced by Air Middleton. 


Length of line 

0 to 
100 ft 

100 to 
200 ft 

200 to 
400 ft 

400 to 
600 ft 

COO to 
800 ft 

800 to 
1000 ft 

Abo\e 
1000 ft 

Total 

Number of lines 

5 

12 

32 

28 

20 

10 

13 

120 

Average length 
of line m feet 

55 94 

164 23 

323 42 

498 36 

682 23 

902 60 

1388 42 

660 02 

Average error 
per line . 

1 

016 

015 

0 84 

191 

313 

4 28 

1717 

3 43 
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The theoretical expression (equation 59) indicates that tbe resulting 

• s * error is proportional to h 2 , as for horizontal sights tbe value of 

(sec 4 a + sec 4 j3) will differ only very sbgbtly from 2 
' .j This result is roughly confirmed by Mr R E Middleton’s experi- 

• / ments quoted above, as may be seen by plotting tbe average errors 

, , against the squares of tbe lengths 

jf 1 ' An approximate formula may be deduced from tbe straight line 

Y which comcides most nearly with the plotted points, % e. 








av error = ± 0 00000785 h 2 , 


(60) 


where li is the length of sight in feet This result is equivalent to i 
average error of ±115 secs in a and jS 

If a micrometer theodolite is employed the value of the coefficie 
of hr will be much reduced 

, i 3? e M ieS r Ults tabulated do not show that there is a limit, abo 
vhich the formula is unreliable, as the last pomt {% e 7t = 1388 421 fa 
moderately close to the mean straight line of the graph 

A comparison of the two systems shows that rather more accura 

400 ft Tut twTSn b V lie <q t !? gentlal s y stem fac distances up 
rehable ® tk8 ***** the stadla ®*&od ™s me 

actual stadia surve y s * 

W Un the 11 S Lake Surve 7> ^bere the limit of error was fh 

• , 1 Inst G B vol csrvx. 

' Johnson > Th * or y and Practice of Surveying 
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at 1 in 300, the average error on 141 lines was found to be 1 in 6 j 0. 
The average length of sight was 800 to 1000 ft 

(2) On the Mexican Boundary Survey, 1 the error m distance upon 
a number of lines was as follows * 


3» amber of Lina 

Length In SIHes 

Error 

1 

123 

1 in 28500 

1 

13 2 

1 „ 765 

1 

81 

1 „ 600 

1 

135 

1 „ 700 

1 

14 0 

1 „ 3214 

1 

Gil 

1 „ 1116 

1 

G7 0 

1 „ 2200 


Chain measurements over parts of the same lines gave errors 
varying from 0 to 1 in 827 from the triangulation distances— the 
average discrepancy being about 1 m 1440. 

(3) In a Stadia Traverse with a 30-inch Bausch and Lomb instru- 
ment round Mille Lac Lake, 2 which is 73 2 miles in circumference, the 
closing errors were 144 ft Eastings, and 106 ft Southing, or 1/9 ft. 
total The azimuths were checked to Polans every 10 miles or less 
Tacheometnc Levelling — Stadia Method — By the differentiation 
of equation (23a), neglecting the last term as the error induced in (/+ d) 
must be inappreciable 


/ sm 2 9 

Sv, Ss 
v ~~ s’ 

?S?=2cot20, 

v 


Sv 




. (2 cot 20) 2 , 


. (61) 

. (62) 

. (63) 


ere ±Sv, ±Ss and ±SQ are the probable errors in «, and 6 

^“rloLtal sights 0 = 0 and ,4- the errors are the same 
m ordinary levelling operations, p 202 
For inclined sights the value of -j depends upon ^ 

(i ) Th= error in > »£"*** g^ifhe id »rS^*P f) 
g t LS“"uet S 4— ons, etc haw aUoheea 

differentiating equation (41), P 251, « « 
s tan ft. 

V=! tan a - tan ft* 






— “ r > tr 

".i 'v*' 

i --x/,' „ s J r - <>•' / h u ( . 


L V* 

£ * 

f v 

* 



TACHEOMETEY 

and proceeding as in tlie above examples we may show that 


25? 


04 


sec 2 a 


Sa 


Svj 
v 

Sv 2= 

v (tan a - tan /8) 

Su 3 _ tan a sec 2 ft 8/8 
u tan /8 . (tan a - tan /S) 


• (64) 
. (65) 

• (66) 


Thus if ± 8s, ± Sa, ± 8/8 are the pe’sins.a, and /8 respectively, 
the p e mu 


- ‘M 




) '\vJ \vJ 


(67) 


An example is given (No 6, p. 273) to be worked by the student 

In traverse surveying it is usual to make backward and forward 
observations except for side shots, so that for mam stations the p.e. 
Su 

would be ± and at the end of a traverse of N stations the result- 

Sv . 

mg error would be ± N - 1. 

The following results are taken from actual stadia surveys * 

1. On the Mexican Boundary Survey, 1 the average closmg error 
in height on 14 traverses of an average length of 8 2 miles was 0 17 ft. 

As might be expected, however, the error was considerably greater 
when the average vertical angle increased, so that on 17 traverses 
of 4 1 miles average length m rough country the closmg error was 
59 ft. m height 

2 On the St Louis Topographical Survey 1 the closmg error in 
height m 40 miles of traverse was 0 64 ft At 20 miles from the com- 
mencement the error was ml ; at 27 miles it was double the final 
closmg error. 

3. In a Survey in British Guiana, 2 the maximum closmg error 
in stadia levels over 24 miles of traverse was ± 4 ft. 

In this case the height of the instrument — a 4-in. transit — was 
measured at every station, and a vertical angle to the nearest min ute 
observed to this height on a 14-ft Sopwith stafi repainted in finlr units 
For sights up to 15°, the stafi was held vertically, a small hand level 
being used for adjustment Above 15°, duplicate readings were taken 
(1) with the stafi vertical, (2) with the stafi perpendicular to the lin e 
of sight. The first was used for the reduction of levels, and in a com- 
parison between the two for distances preference was given to the latter. 

4 On subsidiary transit and stadia traverses for topography on 
the Ohio Eiver Survey, 3 an allowance of 0 4 ft. per mile was allowed 
in levels, but the actual closure was much less. 

1 Johnson, Theory and Practice of Sunemng 

* Proc. Inst C E. 

* Engineering News, vol. lxxi No 12 
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Eckliold's omwmeter is very similar to a theodolite in construction, 
and may be used as such, but the addition of a microscope at right 
angles to the telescope, as shown in Elliott’s instrument m Fig 180, 
enables distances and elevations to be deduced from observations upon 
a staff, ns explained later 

The axis of the microscope intersects exactly the horizontal trans 



riG. 180 —The Ommmotor 


. as* of tte telescope, so when &e te^l ta- *£ dthe 
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a small distance in either direction by means of a micrometer screw 
ha vin g 50 threads to the inch. 

In the old form of omnimeter the microscope and telescope were 
parallel, and the graduated scale read by the former was erected 
vertically from the edge of the mam scale plate of the instrument. 

The horizontal scale is divided into 100 mam divisions — each of 


which is further subdivided to give 200 graduations m the 4-in. length 

One turn of the micrometer screw is thus equivalent to 1 primary 
division = -gV m. 

The drum of the micrometer is divided into 100 parts, each of 
which can be subdivided into fifths by means of a small vermer The 
length of 4 in is consequently capable of subdivision into 100,000 parts. 

If the instrument is m accurate adjustment, the cross-hairs of the 
microscope should intersect the centre division of the scale, and the 
micrometer read zero — i e. the total reading should be 50,000 when 
the telescope is horizontal 

The transverse axis about which the microscope and telescope 
rotate should be exactly 6 in above the 
scale — a distance which corresponds to 
150,000 scale divisions. 

The principle of the instrument may 
be explained by reference to Fig. 181. 

The telescope at O is directed to a 
graduated staff, or to a rod provided 
with vanes 6 and c at a definite distance 
apart, held at some point A, the position 
of which it is required to locate. 

Then a represents the position at 
which the horizontal line of collimation Principle of the Ommmeter 
would cut the vertical through A, and 

a i represents the pomt at which the microscope cross-hairs intersect 
the horizontal scale (te should be at the 50,000 reading), Ocr^ 
being at right angles to Off. 

If the telescope be now tilted so that the cross-wires intersect the 
staff at some definite graduation or vane 6, the microscope cross- wires 
wih intersect the graduated scale at 6 1 , and similarly when the telescope 
is directed to c the microscope reading is at Cj, where O b x and Oc, are 
perpendicular to 06 and Oc respectively. 

Either or both of the points 6 and c may be below a, when the vertical 
arc would register an angle of depression , and m such a case the corre- 
sponding readings 6 1 or a, would be less than a,. 

From Fig. 181 1 
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or if D is the horizontal distance Oa from the instrument to the staff 
m feet, and s is the intercept m feet between the two readings or vanes 
b, c on the staff, 

b i c i 

But 0% = 150,000 micrometer divisions and bft is the difference 
between the micrometer readings Ti and r c , say, when b and c are re- 
spectively intersected by the telescope, i e 


n 150,000 s 

u j « 

r c -n 


. (68) 


irrespective of whether the mchnation of the telescope is an angle of 

elevation or depression , 

Thus if the reading r e = 61725 and r 6 = 68862 and s=10 ft, 

n _ l 50000 x 10 = g23 9 a 524 ft say. 

2863 

Formula (68) may be solved by the application of reduction tables, 
and if found necessary the distance apart of the vanes s may be made 
slightly more or less than 10 ft , m order that the product Off a x s may 
have a convenient or standard value. The method of making the 

and .evened as » to ca-£an M 

^sasSsas-^Sssi 

SsHSSSS&aa 

the upper fine adjustment tangen s cross-hairs are directed 

focussed, and if the cross & moved m one direction or the other 

until a divis.cn . brought under 

*•£££—* of tie scale is recorded on the drum and venuer of 

the micrometer. therefore that on the scale + the m ) lcr0 ®S 

The total reading is tberet th above example =58500 

tomreadmg + the jernmrr^^^^ vermer . 

division on r ' obove 

scope cross --wires uy 
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thus equals 61500 on the primary scale + 225 on the drum + 0 on the 
vernier 

Altitudes may be determined with an ommmeter if the “ zero ” 
readmg at % is also known m addition to b x and Cj. As already 
mentioned, if the instrument is m perfect adjustment 02=50000, but 
generally it would not be exactly so The difference m level between 
the axis of the instrument 0 and the pomt 6 on the staff = ah. 


and 


i e. 


ab _ Ojl&j 
be bjC^ 

ah - s a A - 5 (n~r a ) 
bfr (r c -r b ) 3 


. (69) 


where r a , r b , and r e are the microscope readings when the telescope is 
horizontal, and when & and c are mtersected respectively. 

Thus m the above example if 


r u = 50025 


( 

< ' 
\ ' 

\ 

t 

! 

I 


r b = 58862 
i e = 61725 
s = 10 ft. 


* > 


rib- 


10x8837 

2863 


= 30 8 ft. 


If the lower vane 6 is 2 00 ft above the foot of the staff and the 
reduced level of the instrument axis = 86 60, that of the staff station 
A = 86 60 + 30 8-2 0 = 115 4 ft. 

Adjustments — The telescope is adjusted m a similar maimer to 
that of the theodohte described in Chapter IV. 

The special tests that may be applied are : 

(1) To ascertain whether the microscope and telescope are exactly 
at ngkt angles to each other. 

(2) To determine accurately the height Ocq of the instrument axis 
in terms of the scale divisions 

(3) To determine what is the correct value of the “ zero ” reading 
r a when the line of collimation of the telescope is horizontal 

(1) The instrument is set up and readings taken on three equi- 
distant points b, c, d (Eig 181), ah above or all below the level of the 
axis, on a staff held a short distance away 

The microscope readings r b) r e , r d at 6 1} c ls d x on the scale should 
give equal intercepts if the microscope is exactly perpendicular to the 
line of collimation of the telescope. 

~ < ( r c “ r b)> the microscope makes an angle > a right angle 

with the object-glass end of the telescope, and the cross-hairs of the 
microscope require to be moved by means of the adjusting 
screws J ° 

(2) To determine the value of Oa x two readings are taken on a staff 
held at a measured distance of D ft away. 
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Then from equation (G8) 


from winch if D, s, r e , and r b are known, 0^ can be calculated in terms 
of the scale graduations The mean of a number of observations 
should be adopted 

(3) The hnc of collimation may be set horizontal by the use of two 
pegs as explained in adjustment 6 (p 95), and the microscope reading 
obtained directly, the mean of several observations bemg adopted 
If the theodolite adjustments have been carried out, the line of colh- 
mntion may be assumed to be horizontal when the long sensitive 
bubble is m the centre of its run. 

Accuracy — The omnimeter may be compared with the tangential 
method of tacheomctry as the readings r c and r b virtually measure the 
tangents of the two angles of elevation (vide p 251). The same type 
of result may therefore be expected, i e the error will vary as the 
square of the length of sight 

The chief source of error will not be m reading the scale, but in 
the bisection of the vanes upon the staff, consequently the p.e. of the 
results mil be rather better than those mentioned on p 255, say a 
p c of ± 0 000001D 2 to ± 0 000002D 2 . 

Other sources of error are imperfections of the graduations, play 
m the draw-tube, inclination of the staff, etc. 
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Range-Finding 

There are several distinct methods by which the distance from an 
observer to a distant object may be determined Each method 
depends upon the solution of a triangle having its altitude equal to 
the dcsiredjdistance. This is sometimes solved directly, and sometimes 

by m f tnangle to solved 

h Jl aT)ex a t a distance /m front of the object-glass (Fig 169), , or 
f+d in front of the mstrument station, and the angle at this point 

a constant value = 2 tan 

SgSSs* *%■= 
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tlie apex of tlie triangle is at the instrument station, and the angle 
there is measured directly upon the vertical circle of the instrument. 

(4) With the omnimeter the conditions are similar to those in 
the tangential method of tacheometry, but the value of the apical 
angle of the triangle to be solved is determined from the reading 
on the horizontal scale As m methods (1) and (2), however, the 
actual value of the angle is not deduced, but the triangle is solved by 
a comparison with the properties of a similar triangle 

The above-mentioned instruments are not usually included m the 
term range-finders, though they can be used to deter min e ranges. 
Most range-finders proper belong to one or other of the groups (5) or 
(6) mentioned below. 

(5) With many of these instruments the object whose range is 
required is situated at the apex of the triangle to be solved, and a 
base of known length, s, is measured at the observer’s position , while 
the two base angles (one of which may be a right angle) are measured 
by the range-finding instrument or instruments employed. The 
instruments are usually graduated to give the range directly for a 
standard base The telemeter and the mekometer are instruments 
of this class, and so too are the more elaborate military range-finders 
used to determine the altitude of hostile aircraft from the extremities 
of long base hues 

(6) In other instruments of the single observer type, such as in 
the Barr and Stroud range-finders, the base of the triangle to be 
solved is contained m the instrument itself, and its length accurately 
determined by the instrument makers. 

One of the base angles is a right angle, and the amount that the 
other base angle differs from a right angle is measured by the observer. 
As the three angles of a triangle are equal to two right angles, this 
measurement gives the value of the angle subtended at the vertex of 
the triangle (i e at the observed object) by the instrument base. This 
angle is known as the parallax of the obj'ect The magnitude of this 
angle cannot, of course, be measured directly, as could be done in the 
case of a long base line. Different instrument makers employ different 
devices for determining its value indirectly, or for determining the 
value of some other dimension which is proportional to it. In some 
instruments the stereoscopic principle is adopted, in others rotary end 
reflectors with a multiplying gear as in the Zeiss range-finder , in 
others a travelling prism as described below m the description of the 
Barr and Stroud instruments 

The telemeter as made by Messrs Steward is shown in Fig. 182. 
It is about M in long and 1| m. in diameter, and consists of a metal tube 
which encloses two mirrors corresponding to the index and horizon 
glasses of a sextant 

At one end of the tube is a small telescope, while at the opposite 
end is a graduated collar connected to the mdex mirror by means of a 
metal arm. The mdex mirror can be moved in azimuth by the rota- 
tion of tins rmg, and the horizon glass can also be turned through a few 
degrees by means of the small toothed wheel on the front of the mstru* 
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raenfc The front of the tube is provided with a sliding shutter to keeD 
out dust, etc r 

The principle of the instrument depends upon the same law that 
was stated on p. 71 for the sextant, viz that if a ray is successivelv 



Fio 1S2 —Telemeter 


reflected from the surfaces of two plane mirrors the angle between the 
initial and final directions of the ray is twice the angle between the 
mirrors 

By the application of this principle, distances may be deduced as 
follows : Let 0 be an object, the range of which from A is required 
(Fm 183) The zero of the scale on the graduated collar is made to 
coincide with the fixed index mark on the body of the tube, and the 
arrow upon the small toothed wheel is brought into coincidence with 
the arrow mark upon the small fixed stop on the front of the instru- 
ment : if the instrument is in adjustment, the mirrors now include an 
ancrle of 45° The observer stations himself at A, points the telescope 
in a direction AM approximately at nght angles to AO, and turns until 
he sees the image of 0 in the lower part of the honzon glass after 

reflection from the index mirror, the ray 
passing through the rectangular opening 
m thelide of the tube (Fig 182) 

Above this image 0„ say, through the 
front of the tube, he obtains by direct 
vision a view of the landscape, and notes 
any well-defined natural object M which 
coincides with Oj K no such object is 
available, a ranging rod or other object 
may be ranged into the desired position 
The observer then moves to a second 
station B, which is in line with MA, and at 
a distance of 20 units {eg yards) from A 
For accurate work this distance AB should 

be accurately taped, but for approbate rangee pacmg may e 

sufficiently precise fp i pt . COT je to M and rotates the graduated 

At B he toerta the t l e image of 0 again 

collar-thus moving ^ between the mirrors 

coincides mtl M. of thls angle being indicated ou the scale, 

is now g ^ 
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tlie graduations, though determined experimentally for eacli range of 
an instrument, are proportional to the tangents of ZOBA, with 
reference to a base AB of 20 units, i e the distance AO is indicated 
directly on the scale. 

Thus when Z OBA = a degrees, the mirrors include an angle of - and 

At 

the graduation opposite the fixed mark on the tube is 20 tan a The 
maximum reading on the scale is 1000 for a base of 20 units, so that for 
greater distances the length AB must be mcreased. Evidently the 
maximum Tange is 50 x length of base, so that if AB = 50 yds , ranges 
up to 50 x 50 = 2500 yds. may be observed, etc 

If the object 0 cannot be seen from the end of a 20-unit base, the 
length may be extended or diminished and the scale reading altered 
in the same ratio, e g if 0 is not visible from a point 20 yds. from A 
but may be seen from a pomt 25 yds. from A, then if the reading is 

680, the range AO is = 850 yds There are several modifica- 

tions of the above method that may be adopted in practice 

If there is no natural distinctive object exactly at right angles to 
OA, but a convenient pomt M x is found to be nearly m such a position, 
the small wheel in the front of the instrument may be rotated until the 
image of 0 is made to coincide with The effect of this movement 
is to rotate the horizon glass, and, consequently, to alter the angle 
included between the two mirrors, without altering the reading on the 
scale, which only records movements of the index glass 

Thus when the observation is made from B 1} which is m the line 
MjA and at a distance of 20 units from A, the leading recorded is 20 
tan Z OBjAj, where BjAj^ is parallel to BA, because the portion Z AjBjA 
of the angle between the rays OBj, AB, which is equal to Z M 1 AM, has 
been taken up by the horizon glass and is not recorded. 

But as AB = ABj and Z B 1 AB is very small, i e not more than a 
few degrees, the displacement of Bj from the line BO is very small 
Consequently, Z OBjAj is very nearly equal to Z OBA, and the 
recorded reading is a close approximation to AO, i e 20 tan OBA. 

An alternative method of obtaining 
a range is by sighting from A directly 
towards the object O, and by reflection 
finding or settmg out the pomt M at 
right angles to AO (Fig 184). 

The base AB, m the line MA pro- 
duced, is then measured or paced ac- 
cording to the degree of accuracy 
required, O is sighted from B, and 
the graduated wheel rotated until the 
points A or M are seen by reflection to 

coincide with O. The range is indicated by the reading as before. 

if desired, the range may be determined by settmg out M at right 
angles to AO from A, viewing O by reflection as already explained, 
then fixing the scale at the 1000 reading and findin g by trial a pomt 
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B on MA produced, at which the image of 0 coincides with M. The 
distance AO is then 50 x AB 

Or if the point 0 is sighted directly from A, then at B the image 
of M is made to coincide with 0 as seen by direct vision, and AO = 
60 AB as before 

Adjustment of the Telemeter — A pomt M is accurately set out by 
any of the usual methods (eg box sextant, theodolite, etc), so that 
AM is at right angles to AO. 

The zero of the graduated collar is brought into coincidence with the 
fixed mark on the tube, and the arrow mark on the collar of the small 
toothed wheel is made to coincide with the fixed arrow on the front of 
the instrument 

The operator then stands directly over A, steadies the instrument 
against a ranging rod if he wishes, and directs the telescope to 0, 
when the image of M should comrade with 0 on the horizon glass 
If not, the instrument requires to be adjusted 

To complete the adjustment, if it is found necessary, the small 
toothed wheel is rotated until coincidence is obtained between M and 0, 
when the mirrors should be inclined at 45°, the scale still reading zero 
The arrow mark on the collar of the toothed wheel is thus moved 
relatively to the fixed arrow, and it is required to bring it hack into 
coincidence without altering the relative positions of the duck* 3 
Consequently, the toothed wheel itself must not be disturbed, but 
bv loosening^ a small set screw, the collar upon winch is “graved 1h 
may be rotated relatively to the wheel until the two 
arrows agam comrade, the set screw is then tightened and the collar 

S6C The Lmtmn n should be repeated until the adjustment is perfect 
The accuracy of the results obtained depends very largely upon the 

s ra 

SIS £ 

like those of an optica squar > q{ rotatl0n as ina box sextant 

one mirror fixed and the other cap A wtose rang e 1S required 

The left-hand operator sights to t p “ flected unage of the nght- 
and moves into such a posibon of Aj * e be arranges 

band iMtxumentcomcidesmthth dir^ R ^ ^ poslt:ons of the 

left- and rfght-hand operators r^pecfev^ right-hand man 

Now Jin the other end of to - Rotates the movable index 
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arranged that the readings are proportional to the tangents of the 
angles subtended at R, and for a constant length of base of 25 units 
the range from L to A is indicated. 

With the general service instrument it is specified that the mean 
of six determinations shall give a maximum error of 1 per cent at 
1000 yds , and 5 per cent at 5000 yds , with a 25 yds base. 

A full description of this instrument, with details of the construc- 
tion, is given m the official Handbook of the Mekomete ) . 

The Barr and Stroud Range-finders are of various base lengths, 
varying from 66 cm. to 10 m. 66 cm., and are largely used for naval 
and military purposes 

Fig. 185 gives two views of one of the smaller instruments of 80 cm 




Fjg 1S5 - Two View’s of a Barr and Stroud Range -finder 


(31*5 in ) or 1 metre (39 4 in ) base, while Fig 186 gives a diagrammat 
sketch showing the general arrangement of the internal parts T1 
instrument consists essentially of two telescopes provided with objec 
glasses Oj and 0 2 , and having a common eye-piece E lf the magmficatic 

obWt j Th °f rays of h & ht from the observe 

?rnm +« k h left-hand window W x are successively reflecte 

from two opposite faces of the silvered pentagonal prism R, T1 
™ reflecting surfaces are inclined to oneanotfer at ana“gleof 46 
“ 1 “ ;b ? “P 1 ! 001 f o the prism deflects the rays through 

?1 90 • After , bem g deflected at right angles to lie 
tte r “3’ E P“® through the object-glals O,, and are the 
combl ??‘ lon o£ P*™ CP through the eye-piece B, t 

lefleS K ?! 1 ” 3 ' 5 T 1 ' 101 P ass . through the rrindow Ware similar! 
reflected by the pentagonal prism R 2 , pass through the objeot-glai 
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k 

0 2 , and are reflected by the prisms CP through the eye-piece E x to the 
eye In addition to the rays bemg deflected through 90° horizontally 
by the prisms CP, they are turned upwards through about 60° The 
observer thus views the images by looking downwards at this angle 
through the eye-piece, and this is a much more convenient and comfort- 
able arrangement than viewing them horizontally, as m most other 
instruments The prisms also separate the images obtained through 
the left- and right-hand windows The arrangement as seen through 
the eye-piece may show the field of view divided by a sharply defined 
horizontal line, when the lower portion would be the object as seen 
through the left-hand window, and the upper portion would be that 
seen through the right-hand window. 

Often the lower image is erect and the upper one erect as m the 
field of view of an ordinary or a box sextant 

Sometimes, however, the upper image is inverted and the lower 
erect, and occasionally the opposite is the case 

Another arrangement which is sometimes adopted is to divide the 
field of view into three portions by two sharply defined horizontal 
lines near the middle. The upper and lower portions show views 


n T tf r 0. fS K CP 
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from the left 

S r as mth the ho* sextant and other nMru- 

whatever be the distanceofth se h q{ t]ie rays from Rg 

a movable pnsm P x is “ t ®pj£ c h 0 n produced by this pnsm P x is 
The angular amount of d ronseauently, the linear displace- 

constant whatever ** tSe.se or drnnmsh as 
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B ^^t^a^means of a -ed-W near the 
right-hand, handle, 8ko ™ X®' tive oyUndrioel lenses with 

SSSSiabl* 

to\onvertthe image of a point, such as a star, into a thin vertical 
line, and so permit of comcidence being more easily and accurately 

°^* AdjMtments — There are two adjustments which may - be > neoeuu? 
•with tlus instrument : (1) the Halving Adjustment, and (2) the Comci- 
dence or Zero Adjustment. , , j . ,i „ 

The adjusting heads for correctmg each of these are situated at the 

left hand of the instrument and are protected by a movable cover 


IUlg (l) The Halving Adjustment is to enable the observer to move 
one of the images up or down by a small amount so as, m the case of 
both images being erect, to secure that the picture shall form a complete 
whole without duphcation or deficiency. 

This adjustment is not necessary when ranging on a line whose 
image is perpendicular to the line of separation m the field of view. 

If, however, the image forms an angle with this line, accurate halv- 
ing is essential. In the case when one of the fields is erect and the 
other inverted, the adjustment is effected by seeing that the two 
images of a point of the target are equidistant from the separating 
hne, and this is most Teadily attained by moving the instrument 
slowly in altitude and altermg the adjustment until the images of 
the point reach the separating line simultaneously. 

(2) The Comcidence Adjustment is to ensure that when exact 
comcidence is obtained the correct range of the object is indicated on 
the scale 

The accuracy of the adjustment can be tested by several methods, 
such as (a) the observation of a very far distant object ( e g the moon 
or a star), when an infinity reading should be obtained ; or (6) the 
observation of a well-defined object at a measured distance away, 
when the reading on the scale should agree with the range determined 
by direct measurement , or (c) observations on a pair of marks, 300 to 
500 yds distant, the distance between the marks being exactly equal 
to the base of the range-finder 

The necessary corrections are made with the adjusting heads 
already mentioned 

Accuracy — Let D be the correct range of an object, when the 
length of the instrument base is s, and the angle of parallax is a. 

Then s = D tan a = Da nearly. 
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and 

8a- -^.8D, 

or 

±8D = +— 8a, 
s 


where 8D is the error in distance caused by an error of 8a in obtaining 
coincidence of the images 

Thus if the eye, unaided, can distinguish differences of 8a' m angle, 
then with a telescope of magnification to it can distinguish differences 
of 8a'/tn 

Substitutmg this expression for 8a m the above equation and 
omitting the signs, 

8D-9!.K 

S TO 


i e. the uncertainty in the range is proportional to the range squared, 

g / 

since — and s are constants 
7YI 

The value of Sa' is normally well under 12 seconds or 000058 
radians, so that, assuming this value, with the Barr and Stroud instru- 
ment described above, when s = 39 4 m or 1 1 yds , 

3D = 5! 0Q00 ^ = 0000037D 2 . 

0 1 1 14 


Thus if D = 1000 yds , 8D = 3 7 yds about 

The makers state that under favourable conditions the uncertainty 
of an observation m th this instrument at 1000 yds is 4 yds, and 

times the amount for 1000 

, p n earlv 15 yds — as the uncertainty vanes as D 
^ The probable error would be about haff these ^ues though muc^ 

depends V the oondi “n of “X 
The p e may be much reduced by tatang^ ^ ^ reading8 are taken 

pendent readmgs, and still fur apparently ]ust not 

hasra res 

SK&SSSSiv v— > *• - ■ -* — **“ 

«mrrio fWr.fc reading as generally taken. 
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between tbe pair of webs on the diaphragm ? If, in a second case, the inter- 
cepted reading was 4 63 ft , what is the distance of the staff from the theodolite ? 

o To determine the values of the constants for a tacheometer, the following 


'f readings were observed . 

Distance Chained. 


50 

100 

200 

300 


Headings. 
2 16, 2 65 
2 24, 3 23 

2 45, 4 43 

3 04, 6 01 


What would you say were the values of the constants ? 

3 The following readings are abstracted from the field book of an actual 
survey Find the distance of each of tho points 1, 4, 9, . . . from D and the 
reduced levels of each. The staff was held vertically, and the reduced level of 

A— 14620 ft £=100, f+d—l. 

i 


Instru- 

ment 

Station 

Staff 

Station 

Height 
o£ Instru- 
ment 

Azimuth 

Stadia 

Headings 

Axial 

Headings 

Vertical 

Angle 

Heduced 
Lei el 

A 

B 

5' 00 

170°-59' 

7 06\ 

3 35/ 

5 20 

- 10°-17' 


B 

A 

4' 54 

360°-00 ' 

9 27\ 

5 55 / 

7 40 

+ 10°-47' 


B 

G 

99 

45°-4' 

oc? 
CO o 
IQ rH 

4 90 

+ 10°-32' 


o 

B 

4' 3 

225°-4' 

9 77\ 

8 00/ 

8 88 

- 8°-59' 


C 

D 

99 

327°-32' 

3 88\ 

2 00/ 

2 94 

% 

IQ 

t 

O 

1 


D 

C 

3' 35 

147°-32' 

4 88\ 

3 00/ 

3 94 

+2°-2' 



1 

>9 

2H°-9' 

5 G5\ 

5 00/ 

6 32 

- 17°-9' 



4 

>9 

255°-2S' 

3 19\ 
200/ 

2 59 

- 6°-2' 



9 

99 

82° -5' 

8 70\ 

7 00/ 

7 85 

+20°-18' 



4 What error would be introduced in the determination of the altitude of 
station 9 above that of the instrument axis at D if the staff were held 1° from its 
true vertical position ? 

What would you say would be the pern the reduced level of D if the reduced 
level of A is assumed correct i 

5 (U of L) A tacheometncal survey is made by running a traverse 

A, B, G, D, E along one side of a valley and occupying the points A, B, C, D, and E 
as theodolite stations from which to observe on to 12 other stations, a, 6, c, d, 
c »/> ff> I, l, m, and n, on tho opposite side of the valley The observations 
are taken by reading the angles of altitudes or depression of the upper and lower 
vanes of a 10 ft vane staff (or target rod) held successively at stations a, b, c, d, 
• . m, u The directions of the sights are fixed by azimuthal bearings with the 

line AB, uhich is assumed as the meridian or zero direction 
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272 SURVEYING 

Table I gives particulars of the trn\ erso from A to E which fixes the relative 
positions of the theodolite stations 

Table II gives the boohed observations taken at etttions A, II, C, P, and II 
on the staff when held at a, b, c, d, . . . in, n 

The lower vane of the staff is 2 ft above the ground, and the upper vane 12 ft 
above the ground 

(a) Calculate the horizontal distances from the stations A, B, C, P, and II 
to the corresponding staff positions a, b, c, d, . in, n 

(b) Calculate the reduced levels of the stations a, b, c, d, etc , at which the staff 
was held 

(c) Plot to a scale of 100 ft to an inch the positions of all the stations m plan 
(rf) Draw to a horizontal scale of 100 ft to one inch, and a vertical scale of 

10 ft. to one inch, a longitudinal section of the route through a, b, c, d, . 

I, l, m, n, working to a datum of 250 ft 

(e) What is the average gradient between the staff stations a anti n l 
Note — The observations are taken by what is coininonlj known ns the 
“ tangential method.” 

Table I 

Theodolite Traverse A to Ik 


Line 

Length In feet. 

Whole Clrrlc 
hearing vvlth 
Meridian All 

Iteduecd lyvel 

In tiet of 

AB 

356 

0° 0' 

A =280 1 

BC 

314 

17°-40' 

11=278 8 




C=2S2 0 

CD 

405 

348° 30 

Pr-2S07 

DE 

1 

320 

325° 20 

E=202 3 


Theo- 

dolite 

Station 


Tablf II 

Field Book Observations at Theodolite Sta tions A, B. C, P, B 

Tinner Vane Loner taw who)* ( Irrl* 

in « ** lu-irln,' with of In* rn 

Stott — I . ! Meridian Ml i""'l 

i nation l)crre«ion novation jnerre^nn 

' It 

. 1' 270’ 0' 1 0 

a f 0 i]. 2' 31' 2^30 

O' 21' 258’’ 20 5-0 

c 10-3 oViO' 277° Tf 

d 0’-2S Q03r 2'I7 ?» 

e l°-42' 0 31 

2W* to < *» 

/ IMS' 2*^3 

q 3°-3' jg. 30ft ft 

i •««.•> V - ,u 

1 ~ nyp 30 4’ r * 

l 4°*32' i!,o' 271 0 , 

1 4° 30' J ' 8 

1 O W* 40 » * 

r.°.2 r / Tr, 2->r ft* 
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6 What would be the p e in the position of (a) in question (5) if the angles 
are liable to a p e of +20 m. and the height of the instrument axis to a p e. of 
±0 05 ft ? 

7 If the constant for a subtense theodolite is 595, the intercept on the staff 
10 ft , and the value of (f+d) is 1 5 ft., what is the distance from the instrument 
to the staff if the sum of the micrometer readings is 9 256 (a) when the telescope 
is horizontal, ( b ) when inclined at 3°-30' to the horizontal ? 

8. (U of L ) A tacheometer has a diaphragm with three cross-hairs spaced 
at distances apart of in. The focal length of the object-glass is 9 in and 
the distance from the object-glass to the trunnion axis is 4| in. A staff is 
held vertically at a point the level of which is 80 ft AD The telescope is 
inclined at 9° to the horizontal and the readings taken on the staff are 6 65 ft , 
6*14 ft , and 3 63 ft 

Find the horizontal distance of the pomt from the telescope and the level at 
the telescope. The height of the trunnion axis of the telescope is 4 ft 6 m 

9 Equations (44) to (49), p 251, may be transformed into the following 
expressions, which are more suitable for logarithmic computations 

v = s cos a sin P cosec (a - jS) (44a) 

h cos a cos /3 cosec (a -/9) . . . ( 45 ff ) 

h — s cos a cos p cosec (a + p) . . (46a) 

v—s cos a sin/3 cosec (a+/S) . . . (47a) 

h-s cos a cos/? cosec (|8-n) . . . (48a) 

v-8 cos a srn/S cosec (/3-a) . . . (49a) 

Deduce these formulae 


. * 





Chapter IX 

PLANE TABLE SURVEYING 


The plane table consists of a flat board, varying m size from 16 m x 
12 in to 30 in x 24 in , fixed to the head of a light tripod by a wing 
nut or other suitable means The head of the tripod is sometimes— but 
not always — provided with a light metal frame carrying three milled- 
headed screws for the purpose of levelling the table 
The other accessories may include 

(1) A brass, gun-metal, or box-wood straight-edge or ahdade, 
fitted with two hair-line sights similar to those of a dial, described on 
p. 77 These hair-lines are so placed as to he directly over or parallel 
to the “ fiducial ” or working edge of the rule, and tins edge may with 
advantage be graduated to serve as a scale with which to plot any 
tacheometnc ox other distances that are directly observed m the 

field 

(2) A trough compass similar to that of a theodohte, generally 
detached, though sometimes a circular box compass, is let into the table 

near one edge as a permanent fixture . , 

(3) A small spirit level— generally though not always detached 

from the table 

( 5 ) A ”> ll feame which may be used for large-scale plans to ensure 

•l i _ irr >ifq and preferably fitted with a stadia diaphragm 
hair-line sights, P , ] fivptl m a horizontal position parallel 

fSKtfSfc"** i* • IJS** " 

means of verniers as mu jS^^Knent, the bubble tube or tubes 
^ trJX b^ontel a- of rotation of tbe telescope, 
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and tlie line of collimation must be truly adjusted, though the same 

degree of accuracy is not acquired here 

The index error— if any— must also be observed, unless adjusting 

screws are provided * 

The drawing paper is attached to the board either by means oi 
drawing pms or special chps , or it is stretched tightly through slits 
in the table from one roller to the other ; or it is secured along all the 
four edges if the outer portion of the frame is rebated to fit over the 
central panel, and held in place and tightened by cross battens fitting 
into slots on the underside. 

As the work is actually drawn upon the paper in the field, the plane 
table is obviously not suitable for a damp or rainy climate, and for 
this reason it has not been greatly used in this country. On the 



Fig 187 — Plane Table with Accessories. 


Continent, however, and m the Tropics it has been very extensively 
used both for topographical maps and for the filling in of detail on 
larger scale or cadastral maps , the chief pomts of which have previously 
been located by tnangulation 

Plane' table surveying is particularly suitable for the preparation 
of small-scale maps — though its use is by no means co nfin ed to these. 
It has the advantages over other surveying methods : 

(1) That the plan is not prepared by one person — vho has possibly 
never seen the tract of land — from the field notes of another Surveyor, 
but is drawn by the outdoor Surveyor himself while the country is 
before his eyes * after which it may or may not be reduced for the 
published plans 

(2) He can therefore see at a glance that the plan truly represents 
the tract of country surveyed and that none of the essential data 
has been overlooked*. 
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276 SURVEYING 

(3) He can sketch on the plan, with a sufficient degree of accuracy, 
a great deal of detail that in any other method would entail a very 
considerable amount of labour and expense , and, as may be seen later, 
there are generally frequent opportunities for checking the accuracy 
of the plotted positions of important or governing pomts 

(4) Direct measurements may — unless it is more convenient to 
supplement the work with them — be almost entirely dispensed with, 
as the hnear and angular dimensions are both to be obtained by 
graphical means 

Method of Procedure. — The following is the usual method of pro- 
cedure adopted for a small survey with an ordmary instrument 
A base hue AB (Fig 188) is measured with a chain or tape upon a 
suitable piece of ground and its length ascertained The table is 
then set up and levelled over one extremity A of the line, and a point 
a chosen on the paper to represent A From a a line ah is drawn on 
the plan to represent AB to scale . the magnitude of the scale and 
1 1 the direction of ab 

‘ e on the paper being 

; \ __ ' f so chosen that the 

/ - ' finished drawing of 

• ' the tract of ground 

/ # - ; to be surveyed shall 

‘ - ''' * occupy the desired 

: /'*. ’ position and area on 

•* - X „ , the sheet available 

F.rkL Position . " Second Posit ion The0 retically the 

j -e s' /C point a should be 

/ / immediately above 

/s' . nl/ NA the corresponding 

a \s — - __j s tation-pomt A, and 

A , for large-scale maps 

Fig 188— Principle of Plane Tabling ^ 18 arranged by 

, flip _> frame an d plumb-bob previously mentioned , but 
its centre approximately ov M J ^ ^ ^ any error due to 

SS2S “Son rf fte tele^/or the W. not being 

precisely over the edge ot j“ the wing nut, which fixes 

The alidade IB laid along I *»J““ J e “lhn» sorews and attached 

the table proper to Am ’ 

to the tnpod head, is loosened , jjt— - r‘ B w ], cn the jnstrnment is 

and the trough 

i-dian may be drawn on 
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sides, or in clin ed to one of the sides, which then represents the true 
meridian at an angle equal to the magnetic decimation of the place. 
Thus if the trough compass is so placed that its edge hes along this 
line, the table may be rotated until the pomt of the needle coincides 
with the zero of its scale, when the table is oriented Then the 
position of the pomt a having been chosen, the line of sight of the 
rule is directed towards B, while at the same time the fiducial edge 
passes through a , a ray is drawn from a towards B, and a length oh 
marked off to represent AB to the desired scale 

When the points a and b have been plotted, and the instrument 
has been set up over the station A and correctly onented, rays are 
drawn through a towards any features which it is desired to locate, 
the directions being ascertained by placing the working edge of the 
ahdade over a and turning about this pomt until the line of sight 
intersects the specified objects Two such rays aD and aC are shown 
m Fig 188, though on an actual plan it is not necessary to draw any- 
thing but small portions of such rays (say about 1mm length), 
near the positions m winch it is judged the plotted pomt will fall 
on the plan These rays should be drawn in lightly with a fine- 
pointed pencil, and when there is any risk of confusion a pencil 
note may be made on the paper to indicate to which station each 
line refers 

The instrument is then carried and set up at the next station B : 
the rule is laid along the line ba, the wing nut loosened, and the table 
rotated until the fine of sight is directed to A The wing nut is agam 
clamped, so that the table is then fixed in the same position relative 
to the meridian that it occupied at A, ie it is oriented. Theoretically 
the pomt b should now be exactly over the station-point B, but unless 
the scale is large this refinement is unnecessary. 

If some other pomt, eg E,m addition to A and B, has been previously 
plotted upon the paper at e, then a check may be made upon the 
orientation of the table at B by ascertaining that the ray be produced 
intersects E. 

From b rays are now drawn towards the same points to which rays 
were drawn from a, as in Fig 188 ; and the intersections of the corre- 
sponding rays fix the plotted positions cd ... oi the observed 
stations CD. . . . 

It will readily be seen from the figure that adb is a similar tnangle 
to ADB, and therefore that the distances AD and BD are represented 
by ad and bd to the same scale that ab represents AB, so that d, and 
similarly other points, c . . . etc., are located m their true positions 
on the plan 

Using these plotted points as guides, any minor details which it 
is desired to delineate may now be sketched with a considerable degree 
of accuracy upon the plan 

To extend the plan, when the whole field of view ca nno t con- 
vemently be obtained from the two stations A and B* the instrument 
is set up and levelled at another station such as D This point may be 
one of the positions plotted by intersection from A and B, a tngono- 
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278 SURVEYING 

metrical or traverse station, or a “ resection » point found bv tbe 
three-pomt or two-point problems explained later. ^ 

To orient the table tbe compass as a rule need not be referred to 
but may be used if desired as a first approximation Tbe abdade is 
laid on the paper with its edge along tbe bne da, and tbe wing nut benw 
loosened, the table is rotated until da is directed to A 5 The win* 
nut is then clamped, and the orientation should be complete, but it 1 ° 
advisable to check, by noting that other rays such as db, do, etc inter- 
sect their corresponding stations B, C . 

Rays are then drawn from d as before, to mtersect rays from other 
stations at which the instrument has been or may be set up 

If a plane table is bemg employed for the filling in of the details 
of a large trigonometrical or traverse survey, the work probably 
extends over a large number of sheets, on each of which a number of 
points such as a and b are plotted by co-ordinates The plane-table 
work then connects and is controlled by these points, so that errors 
which might accumulate over long distances are eliminated 

In such a case the instrument may be set up and levelled over 
one of these primary points, and oriented by resection on to a second , 
or if more convenient, the instrument may be set up at any suitable 
commanding position, say 0, and located from the primary points 
by means of the three-pomt problem method described below 

The ordinary process of location by intersection may with ad- 
vantage be supplemented by stadia measurements if the rule is 
fitted with a tacheometnc telescope A very much larger number 
of points may be obtamed from each instrument station, without 
confusion of the drawing, by sighting to a staff held m various positions 
by the staff man, who may often be mounted The stations thus 
located are plotted by scaling the observed distances along the 
directions on the paper indicated by the abdade edge (i e by 
the method of polar co-ordinates) and additional checks are 
provided for the more important stations to which intersecting 
rays are taken 

The Three-Pomt Problem — The “three-pomt problem consists 
in the location on the plan of the position of the observer, by means of 
observations to three well-defined points, the positions of which are 

already delineated upon the drawing 

Thus let A, B, C be three station-points on the ground, represented 
by three points a, b, c on the plan, and let 0 be the position of the 
instrument in the field the problem is then to locate on the plan the 
point o, which shall represent 0, by means of observations from O 

t0 ^n "Chapter XII are given a number of solutions to the general 
problem, and below are a few methods as applied to plane table survey- 

mS (l) Triangle of Error Method —This solution is probably that which 

“ Tie as correctly as posable withthc troogh or 

„th« compass (or if this is not available-by general observation) 
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and the wing nut clamped to fix the table. The straight edge is then 
laid on the paper so as to intersect a, the line of sight directed to A, 
and a faint ray drawn near the position at which o is judged to be 
situated. Similarly two other rays are drawn, one through b m the 
direction 6B and one through c in the direction cC. If the table is 
correctly oriented these rays should be concurrent — the pomt of 
intersection being the re- 
quired pomt o. 

This may be proved by 
reference to any of the Figs. 

189-196, in which ABCO re- 
present the stations on the 
ground ; abco the corre- 
sponding points upon the 
plan when the table is cor- 
rectly oriented, a'b'c’ the 
positions when not correctly 
oriented , o t the intersection 
of Aa' and B b ' ; o 2 the in- 
tersection of A a' and Cc'; 
o 3 that of B6' and Cc' , and 
o l o 2 o 3 the triangle of error. 

Suppose that the table is 
correctly oriented at a'b'c', 
and that a triangle of error 
results 

Then as the plan is assumed to be correctly drawn to scale, by 
similar triangles 5 J 



Em. 189 —The Three-Pomt Problem. (Case 1 ) 


AB 

a’b’ 


Bo, , 


BC Bo, 


&'o. 


Therefore as 


or 


AB_BC Bo t Bo 3 
a'b' b'c' * b'o'V^ 

Bb' + b'o 1 B6' + 6'q 3 
b'o t b'o z * 


which is impossible unless b'o t = b'o 3 and and o 3 coincide 

Similarly o 2 coincides with o x and o 3 when the table is oriented, 
liie converse of this proposition is, however, not necessarily true, i e. 
under certain conditions the three points may coincide when the 
table is not oriented, %.e. Aa' B&', Cc' may possibly be concurrent for an y 
position of the table over the station-point 0. 

, . ’5“ B Jf* «“ Pomts <*o (S« 190) be in any position a’bV, and 
et the three rays A a, B6 , Co’ be then concurrent at the point 

Then as A,B, and C are at a considerable distance from the table 

S - Ud B ° ? ar< ? practically equal to the angles AOB, 

ey ’ \ e , e ^ ual *° the angles aob and boc , where abco refer to 
the correctly oriented position of the table. 
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But as the rays Ao', Bo', Co' pass through a'6'c' respectively, 

.*. Z Ao'B = Z a'o'6' = Z ao6 and Z Bo'C = Z 6'o'c' = Z hoc. 

Again a'6' = a6 and 6'c' = 6c. 

Therefore in order to satisfy the conditions o' and o must both he 
on the circumference of the circle through abc on the paper 
Ihns-^ieu^ABCO^ai&.conc^^ 

whether the table be correctly oriented or not, the three rays will 
he concurrent, and the locus of the pomt of intersection a circle through 
a , 6, and c. 

When the table has been set up and levelled, and it is found that 
rays drawn from ABC are not concurrent but form a triangle of error 
OiOoOo, the table is evidently not correctly oriented • % e lines on the 
" paper are not parallel to 

the corresponding lines 
on the ground Conse- 
quently it is necessary to 
rotate the table shghtly 
to a new position, the 
direction of rotation being 
indicated by the following 
rules or a trial adjust- 
ment may be made 

Newrays arethendrawn 
from ABC, with the pro- 
duction of a new triangle of 
error. This would usually 
be so small that o could 
be located , or it may be 
necessary to again rotate 
the table shghtly and make 
- a third trial 

wm ion —The Three-Point Problem (Case2) The following cases may 

be considered 

ffl yz 0 0 S ^u"«C and upon the — 

(S) and within the ««- 

scribing circle ; , 

/a) When 0 falls without the triangle ABO, 

' and (a) when ABC are in one hue, 

(h\ when B is on the same side of AC as V, 

It will be seen that by rotating the table m reference to 

Son as . nd tends to lessen the 
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plane table surveying 

rA^r&tthe^ect P' o fcJta^Sto *MS 

° f cS 2.-As already explained is indeterminate (Fig. 190). 

Cases 3, 4 a, and 46 


(Figs 191, 192, and 193) — 
In each of these cases it will 
be seen that if the table is 
rotated in one direction, i e. 
away from o 2 , then the 
movement of the two rays 
ka! and Cc' is such as to 
tend to dimmish the tnangle 
of error, while the move- 
ment of the third ray B6' 
tends to increase it, the 
resultant effect being to 
diminish the triangle o x o z o z , 
until eventually the three 
points comcide m o when 
the table is correctly ori- 
ented. Movement m the op- 
posite direction, i e towards 
o 2 , enlarges the tnangle of 



Fig 191 — The Three-Point Problem. (Case 3 ) 


error and throws the table still further from its true position. 

This may be stated as a rule that in Cases 3, 4 a, and 46, in order to 
correctly onent the table, it should be turned away from that side of 

the central ray 6'B 
(or o ± o 3 ) upon which 
o 2 falls. In Case 4c 
the resultant effect of 
the movement of 6'B 
is greater than the 
combmed effects of 
the movements of A a' 
and Cc', consequently 
the table should be 
turned towards the 
side of the central ray 
upon which o 2 falls. 

The four cases, 3, 
4a, 46, 4c, may be 
combmed under one 
rule which states that 
if the most distant 
be turned towards the side 



point be sighted, the table should 

upon which the intersection of the other two ravs falls 

E.g m Pig 191, Case 3, A being the most distant point, the table 
is turned towards o,. 
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Fig. 192, Case 4a, A being the most distant point, the table is 
, turned towards o 3 

193, Case 4b, C being the most distant point, the table is 
turned towards o v 

194, Case 4c, B being the most distant point, the table is 
turned towards o 2 . 

It may be noticed that (when 0 lies outside the triangle ABC) as 
o lies at the intersection of the three rays A a, B6, Cc from A, B, and C, 
and that at least one of the rays A a', B6', Cc' moves outwards from the 



„ vm 194 The Three Point Problem 

Fio 193 -The Thrce-Pomt Problem Row &) 

(Cose 46 ) 

position ot tlio triangle <M»A as tie t»M, 

!vass«sia**-i" 

o is outside the trmngle Oi 0 2 Og set up an d oriented as 
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The alidade is then laid along the line oa, and the instrument 
turned if necessary until oa is directed towards A, when the table 
should be oriented. 

As a check the rays B6 and 
C c should now mtersect at o. 

If not, a small triangle of 
error will result, and this may 
be corrected as already ex- 
plained, or the correct position 
of o judged in relationship to it. 

(3) Bessel’s Method (Figs. 

195 and 196) may be used 
either when the meridian is not 
marked upon the plan, or when 
a compass is not available or is 
useless owing to local magnetic 
attraction 

Theoretically the pomt 6 is 
placed over the station-point 0, 

J.-L _ _ i t . v -i -i * .t 



Position 


Fro 195 — Bessel's Method 
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the straight-edge laid along the line 6a, and the table rotated until be 
is directed towards A , the table is clamped and a ray bd drawn on th< 

paper through 6 in the direc 
tion C6 produced. The poinl 
a is next placed over th( 
point 0, ab directed toward* 
B, and the ray ad drawn n 
the direction Ca produced, 
intersecting the ray previously 
drawn through 6 in d. dc is 
joined, and the table rotated 
until dc and G are in the same 
line 

The table is now oriented 
and o can be found as m 
Method I by drawing rays A a, 
B6, Cc and produemg thes€ 
to intersect It will be seen 
later that abdo are concyckc. 
Actually the table is not moved 
as a whole in order that 6 and 
then a shall be m turn over 
the station 0, but it is merely 
rotated on its axis, so that at 
first ba is directed to A, then 
ab to B, and finally dc to C — 

mappreraable The construction may be proved m”! oUomf- 10 '' 1 k™ 8 

n aat Kg S lie® “ ^ M “ d at B ’ and & “ d 0. n »d 


Fro 


t 

! 

t 

t 


l 

t 

/ 


j 

r 

l 

i r 

i 


( 

i 

r 


\ 



* 




1 

\ 

f 


J 




* 


l 


r 





t 






y 





! V' 



I 

l 


/ 





it •* 






f 


tr 

f*T- 



» 



PLANE TABLE SURVEYING 


! ' 7,' - 1 V 

* ' ^ V„,/ 

. . .- 1 r ^tv-PvftL 
*z ;/■?-* - ;-vr 
-£U- 



»> 

} v 


285 


e/ is joined and bo drawn witli a set square at right angles to ef. j 

0 then represents on the plan the position 0 of the table on the ground, > ; 

and the table may be oriented by directing ob to B As a check the 
rays A a and C c should now intersect at 0 on the line ef . '■ 

Failure of fix results as in Chapter XII., when abco are concyelic 
and e and /become coincident. 

The angle subtended by AB at 0 is 0 2 say, so that as e is very close 
to 0 in comparison with the lengths oA, oB, and AB, therefore 
the angle AeB is approximately equal to the angle AoB, | 


i e. /Lad>- 0 2 

and /L abe — 90 - 0 2 . 


Similarly the angle cbf- 90 - 8 t (Fig 197, 6), where the angle 
BoC^dj. 

Consequently the proof given on pp. 354-5 apphes to Fig. 197, c, 
and 0 is the point required. 

Two-Pomt Problem. — Let A and B (Fig 198) be the actual stations 
on the ground, already plotted at a and b upon the plan . and let 0 be 
the position at which 
the instrument is to 
be fixed, while o is 
the corresponding 
point which it is de- 
sired to locate on the 
paper. A and B are 
assumed inaccessible, 
or unsuitable for in- 
strument stations, 
otherwise the table 
may be set up at 
either of these points, 
and the usual method 
of procedure adopted 
as in Fig. 188 

Method 1.— The 
most simple though 



Fio 19S. — Two Point Problem. 


if*'' VUVUgU 

hardly reliable method, even when the station is entirely free from loca 
magnetic influences, depends upon the orientation of the table by tb 
compass . The instrument having been set up and levelled, the trougl 
compass is placed with its edge parallel to the, magnetic jneridian a 
marked on the paper, and tlietable rotated until the needle floats freeb 
with its point coincident with the zero of its scale. Rays are then drawi 
hrough a in the direction A a, and through 6 in the direction B6, whei 
W 9* intersection locates approximately the required position of 0 
Method 2 The instrument is set up and levelled at any convenien 
j ^' 1 ° provide good intersections from 0, A 

no. U • and is oriented as nearly as possible by means of the compass 
°r by judging ab to be parallel with AB. 
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The alidade is laid on the paper and a ray drawn through a towards 
A ; similarly another ray is drawn through b towards B, intersecting 
the ray A a in ^ as in Method 1 

Through c x is drawn a ray c x o x in the direction CjO 
The instrument is then carried to the station 0, levelled and oriented 
parallel to its late position at C by placing the rule along the ray oft 
and rotating the table until this is directed towards C The table is 
then clamped and a ray drawn through 6 towards B and intersecting 
the line Cjp x in some point o x Next a ray is drawn from o x towards A, 
when if the orientation of the table at C was correct, the point a on 
the paper should be bisected If not, the intersection of o x A with 0 % 
fixes another pomt a x to represent A , 

That is to say, a-J)^ represent ABCO when working from the 

first assumed orientation at C , . 

But the true representation of AB is ab, so that the assumed orienta- 
tion is inaccurate by the 
magnitude of the angle ajxi 
provided that this prelim- 
inary construction has been 
carefully executed . the scale 
will also be shghtly m error 
To adjust, the rule is laid 
along a x b, and if there is no 
- natural object already m 

alignment, a ranging rod E 
\ A is placed at some consider- 
able distance from the in- 
strument m the line a x b 
produced. The rule is then 
transferred to the line and 

Fra m -Two-Feint Problem angk S ijTe^bfthe toe 

of e,ght again intense* the same 

s * J *-*‘ 

-MSS SS3SS-.' '-a-ss VS °nE 

B (Fig. 199), and oriented as acl ^^^ mai | ly para Uel with AB (If 
compass, or by noting tte prolongation of AB, this 

the point 0 is chosen m the lrne An f iaY % 0 1S then drawn 

orientation can be done ^ the pomt o plotted by measuring 

through b in the direction of B and the pom * the corxe ct sea e 

to B0 m2— on tos no 

5£^*£3SS?.ia 

if necessary, by rotatmg ^ nt 

^^me then tow tome to fa m theomelrray 
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objects which it is required to survey, and a line oc is also drawn from 
o towards the next station-point C. 

Wlien the work at 0 has been completed the instrument is removed 
to C, levelled and oriented by adjusting the alidade edge to the line 
co and directing back to 0 

A ray is then drawn through a towards A, and its intersection with 
co determines the pomt c. The orientation may be checked by means 
of the compass and the point c by resection from any located points 
which may now have become visible. Resection on to B will probably 
be of little value as it is so close to 0. 

From c rays are drawn to mtersect those previously set out from 
0, and various other points are thus located. 

It is important that points such as instrument stations found by 
resection should be checked if possible by one or more rays in addition 
to those actually necessary for their location . eg l fa station-point 
has been determined by a three-point problem method, its position 
should, if possible, be verified by a fourth ray from another tnangula- 
tion, traverse or plotted position 

Traversing — Unless the country to be surveyed is of a very open 
character, and furnished with a number of commanding positions 
suitable for plane table stations, and from which a good view of the 
surrounding country can be obtamed, it is generally advisable, if not 
absolutely necessary, to supplement the methods mentioned above 
by plane table traverses 

Each of these traverses should, if possible, be “ closed,” either 

(1) By forming a complete circuit from a point already accurately 
located upon the plan, or 

(2) By connecting two points, the relative positions of which 
have been previously determined by the primary and controlling 
triangulation or traverse survey executed with more precise instru- 
ments, or 

(3) By connecting two points determined by intersection or “ re- 
section ” methods with the plane table. 

Method 1, — The most accurate method of procedure is as 
follows • 

Let A and B (Fig 200) be the two points already plotted on the 
paper at a and 6, and let it be required to connect them by means of a 
plane table traverse, either because the route is not commanded by 
positions suitable for instrument stations of the intersection method, 
or because the detail is such that otherwise a very large number of 
intersecting rays would be required, and the need of these and the 
possibility of confusion are obviated by a traverse. 

The instrument is first set up and levelled at A, and oriented by 
fixin g the edge of the ahdade along the line ab and rotating the table 
until ab is directed to B. 

0nen ^ a ^ 10n 1S verified by notmg that other rays such as oN 
and aM pass through the previously plotted and corresponding points 
n and m on the paper (e g. m Case 3 above M and N may be the positions 
irom which a and b have been located 
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tap®, or other method SoK Dara f 0 a <*“ « 

out on the paper from a in +bS „ ng ’ T be length ac is then marked 
quently located ** COireCt SCale and the P®* c couse- 

iSSSh-SSEia 

separate field book kept as explained in Chapter I 7 n ° ted “ 3 

hanii mstru “ ie “ t 18 ?ext moved to station C, oriented by sichtim? 

Jnd W f? g C< \ 5 j’ and verif ymg upon any other points, such asV jtf 
and N, the plotted positions of which are known J 5 

cil ifi 18 m * he direction CD, the length of CD ascertained, 

4)16 POmt * Md *>» detal ^ ae hue 

Similarly the instrument is set up m turn at each of the remaining 
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Fia. 200 — Traversing with tlio Plane Table. 

traverse stations DE . . . orienting by a back sight to the last vacated 
station m each case. 

The final line should eventually close at 6, but if not, and the 
closmg error is bjb, a correction may be applied by the graphical 
method (3), p 127. It is therefore advisable to put in the pencil 
work for the line cede . . 6 a very lightly, and to keep detail such as 
offsets m a separate field book until the adjustment of the error of 
closure has been completed 

Method 2 —When the plane table sheets are to be considerably 
reduced to form the finished maps, so that the errors of closure may 
also be so reduced as possibly to be negligible on the smaller scale , 
or when the detail to be surveyed is not of a very important character . 
or when several points in the route may be intersected and employed 
as control points , the traverse may be very rapidly, though not so 
accurately, executed by a method similar to the loose needle method 

of dialling (p 115} , 

To survey the route ACDE . . B (Fig 200) the instrument is set 

up and oriented at A (or possibly at C) and a ray drawn in the direction 
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gO. The length AC is measured by means of stadia readings from 
A, by direct chainage, or other convenient method , the corresponding 
length ac is scaled on the paper and the point c fixed The mstrument 
is next moved to D — omitting C, — oriented by means of the com- 
pass, and a ray drawn through c in the direction of C. Along this 
line is scaled off a length cd to represent to scale the measured 
distance CD. From the pomt d so located the next ray is drawn 
towards E, and the point e located by scaling the length DE on 
the plan. 

By proceeding m this way, setting up at alternate stations only, 
orienting by means of the compass, scaling the lengths of the various 
lines, and noting or sketching the detail, a very rapid traverse may 
be made, which should, if correct, close at B. There will, however, 
most probably be an appreciable error of closure to be corrected — as 
in Method 1. 

This method is, of course, only applicable when the various stations 
are practically free from any local magnetic attraction. 

Contouring. — Contour lines may be determined by the following 
methods 

. (1) T'or large-scale maps, the contours may be set out on the ground 

in the usual manner with a level or the plane table telescope, and the 
fines afterwards surveyed with the plane table by one of the methods 
described above 


(2) If the alidade is provided with a telescope, this may be fixed 
in a horizontal position, and the points on various contour imps deter- 
mined as in Method 3 (p 176), the distances from the instrument 
being deduced from the readings of the outer stadia wires. 

,'p) contours may be ranged out by the ordinary alidade hair 
sights, by the use of a staff provided with a vane fixed at a definite 
height above the ground ; the staff positions at which the vane is cut 
by the horizontal wire of the circular aperture being marked on the, 

f~ d ? urve y® d later - E 9 if the altitude of the alidade sight 
is bO ft above datum, the vane will be fixed at 5 60 ft. from the 

b0 awn? tae Stafi wbeu loca tmg the 75 contour. 

(4) The altitudes of a number of governing points may be deter- 
mined as the survey proceeds, by measuring the distances downwards 
tom a sliding vane to the foot of the staff held at the various points, 
!rfv he position of the vane has been fixed on the same level as 
!S,fS- ntd hair °. f tbe smali circular aperture of the hair-line 
mu P osl ^ lon 15 signalled by the instrument man to the staff 

levels tto otaS afterwalds be interpolated from the spot 

sm fP"® ca ^ e ^aps, the distances to, and the altitudes of, a 
=l C ? te i° llmg P ? mts ma y be obtained either by the tangential 
m ( '’h n n+o^irrTT 160 ^ 6 ^ 10 using inclined sights as explained 

be intJrnni + jF" / r r s P°fc levels, the general contours may 
m^$? lated and sbetched m by the eye. 
stiff .t+i! angle 1 of . o^vation or depression (a) to a vane fixed on a 
same height as the observer’s eye, or to the natural surface 
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of the ground, may be ascertained from the reading of the vertical 
circle of the telescope , or from a specially graduated alidade si*»ht 
such as that shown in Fig 201 ” ° 

The horizontal distance (d) is obtained by sca lin g from the 
map, or by means of a telemetric observation, and from this the 
altitude of the distant point may be calculated, t e the difference 
in level of the point sighted above or below the sighting aper- 
ture is h = d tan a. 

The Indian pattern clinometer by J H Steward 
(Fig 201), which is of brass, is provided with two vertical 
standards, m one of which is a small circular aperture, 
while m the other is a long vertical slit 

The latter standard is graduated along one edge of the 
aperture with a scale of tangents, while the opposite edge 
is divided m degrees, the zero in each case being opposite 
to the sighting hole 

To use the instrument, the table is levelled as accurately 
as possible, and the bubble on the bar carrying the two 
vanes is brought to the centre of its run by means of the 

tangent screw provided 
for the purpose 

The eye is then 
applied to the small 
circular hole, and the 
reading on the oppo- 
site scale which coin- 
cides with the sighted 
object or vane is 
noted 

Then, knowing the 
horizontal distance ap- 
proximately, the height 
may be deduced 
It is necessary 
to test the m- 
strument to 
verify that the 
line joining the 
eye-hole and the 
zero of the scales 
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Fia 201 — The Indian Pattern Clinometer 


is horizontal when the bubble is at the centre of its run 

To do am a distant pomt mart be set out noth a level or ttan 
dohte at tie same altitude as the eye-hole, and if an ol > setv 

sir 


run 
its tube 




IP*. 


tL4rtc'i'i~ 

trV ■- " 

.i-iL 


Blh'LLv: 

Jr.** ■* t j ■* 

r , r 

EhrjcVi- - 
Lrdr. l- : 

u 

t-crrleP-- 

r »L r jc.— , 
f~ I* !l_*_a — - \ 

r: £r -,; ; 

r <-Wi ... ; * 
rfni 


t't . 


fiir 

W: - 

t-il. l-\ 

hui 

s ij« *■ 


< s 




5 ttr 


Mb 




liOf,, 

Sw, 

V.M, s* _ 




t J 


\ \ 

A 

1 

PLANE TABLE SURVEYING 291 j 

Example — -The reduced level of an instrument station being 87*50 ft and j 

the height of the alidade abovo the ground 4 3 ft , find the reduced level of a ' 

station N, v hen an observation to this point gives a reading of 033 on the tangent > i 

scale, while the distance to N is scaled from the plan as 5420 yds. 

5420 yds =16260 ft, L 1 

so that the difference in height between N and the eye r 

= d tan a =16260 x 033 ft. =536 ft. nearly. j ' 

The reduced level of N is therefore I 1 

87 5+4*3+536=628 ft. about j 

Had a vane at N 5 ft above the ground been sighted, the reduced level of > 

the ground would have been 628 - 5= 623 ft 


I - 
I 



Accuracy — Wlien filling m the topographical detail of a triangula- 
tion survey by straightforward plane table work, if care is taken to 
obtain good intersections, it is generally claimed that the accuracy is 
such that no point should be displaced an appreciable amount on the 
plan % e that the accuracy is only restricted by the scale of the plan 
which is bemg prepared 

Unless great care is taken, however, large and appreciable errors 
may occur in large-scale plans, m plane table traverses, or in the deter- 
mination of altitudes The following are a few of the sources of error * 
(O The chief error in small-scale plans is due to the shrinkage and 
warping of the drawing paper, this bemg affected by the varying amount 
of moisture present in the atmosphere at different times. 

(u ) The error due to any dislevelment of the table has been con- 
sidered in Chapter IV , when dealing with the theodolite. The error 
is, however, likely to be much more considerable with a plane table, 
as the means of levelling are usually not so delicate as are those of a 
theodolite 

(m ) The error due to inaccurate centering of the table may be 
very appreciable for large-scale plans, when it is very necessary that 
the point a, representing the instrument station on the plan, shall be 
immediately above the corresponding point A on the ground 

.. I s , • , tlie tonzonta l displacement of a from the vertical 

through A in a direction at right angles to AB, and if the length of the 
line Ad — L, while that of its representation ab on the plan = 1, then 

the error in the direction of ab is ^ radians, and the displacement of 6 


from its true position relative to a is 

. maximum value of d is hardly hkely to exceed 1 ft at mo 
so thatthe displacement is negligible— i.e less than, say, r ^th m 

unless i is less than 1200, or unless the scale is less than about 100 

to an inch. Thus for scales of 100 ft. or more to the inch it is i 

mMr *• ** - «* »—» ~ 

Similarly an error due to the lrne of sight of the telescone or of t 
hair-line nights not being exactly over. b,5 parallel SThe mlmg ed 
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of the alidade is negligible in most cases Thus if the horizontal 
distance between the line of collimation and the alidade etke is 1 m 
the displacement of b will be inappreciable unless the scale is 8 to 10 
ft or less to 1 in. 

If the line of sight is not quite parallel to the edge of the rule, the 
accuracy will be unaffected. 

(it.) If the instrument is provided with a telescope, the obsena- 
tions are liable to such errors as are mentioned in Chapter IV 

(v.) Errors of bisection will cause errors in the directions of the rays 
on the paper — and these will m turn displace the intersected point from 
its true position on the plan, as explained in Chapter XVIII on 
Photographic Surveying. 

(vi ) If the tangent scale of the clinometer can be read to three 
significant figures the deduced altitude will be correct only to about 
that number of significant figures Altitudes are also subject to errors 
caused by the plotting and scaling of the horizontal distances from 
the plan 

(vii.) An error may be introduced if the bubble is not in the centre 
of its run at the time of the observation, or if the zero line of the clino- 
meter is not parallel to the bubble axis 

R efeb es ces — A Texl-bool of Topographical Surveying, Close and Wintcr- 
botham Organized Plane Tabling, Ordnance Survey Training Senes No 1 


EXAMPLES 

1. Determine the altitude of the instrument station 0 if the following 
observations were made from 0 to points A and B Correct for curvature and 
refraction. 

Angle of elevation to A= 4°-31' Scaled distance OA =2570 ft. 

„ B=— 2°-20'. „ » OB =403/ ft 

The reduced level of A= 1570 3 Height of signal at A= 10 7 ft 

„ „ B=llol 2 „ » B=2G«>it 

Height of alidade above ground =4 1 ft 

2 In setting up the plane table at a station A, the corresponding point a 

how much on the plan would be the consequent displacement of b from its tru 
posrtion if sca]e==6 m to 1 mile : distance AB=9000 ft. 7 

(u.) „ =x^th « Z™lt\ 

(in.) „ =10 ft to 1 in - 40 n 7 

3 The reduced level of a t^eredJSncvd’off stiff 

height of the alidade above theground 4 ft , £calo IS 0 -027 The 

& faSrS-% - VC80 ft , and a vane 10 ft above the 
ground at A was sighted. 
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Chapter X 
CURVE RANGING 

In the present chapter the chief methods employed in the setting out 
of railway and other curves — too large to be described with a radius 
rod or a st ring from a fixed centre — will be explamed. 

As a general rule a curve which is a circular arc is required to 
connect two straight lengths, and these must be tangential to the 
curve, m order that there shall be no abrupt break at the junctions. 

Let BA and AC (Fig 202) be the two straight hues intersecting at 
A, and let the curve touch 

them at the two tangent „ 

points T and T, If the & 1 

chainage is being earned j 

through the curve in the E 

direction T to T l3 the point 

T is sometimes called the D 

“Point of Curve” and T x fl/ \ / 

the “ Pomt of Tangent ” \ / 

The radn of the curve at \ / 

T and T t will be at right \ / 

angles to BA and AC re- \ / 

spectively, and if these two \ « / 

perpendiculars be drawn, \T-- 

their intersection at 0 \ 7 

locates the centre of the \f o 

circle of which the curve j^ G 202 

TTj is a part 

The line joining T and Tj is known as the “ long chord ” of the 
curve, and by the corollary to Euclid III 17, the angle ATTj 1 is equal 
to the angle AT-jT : also the tangent distance AT is equal to the 
tangent distance AT X If a line be drawn joining 0 to A, it will 
intersect the curve at E, the apex, crowning pomt, or s ummit of the 
curve 

The intercept DE on the line OA between E and the pomt of 
intersection D of OA and the long chord TTj is known as the “ versed 
sine of the curve 

1S known as the total deflection angle of the cuive. 
oeo Rankino b Method of Deflection Angles, p 303 
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•291 SURVEYING 

The angle FAC ( = 6) is known as rhe deflection sng’e o{ the curve, 
and is equal to the sum of the two interior and opposite angles of tie 
triangle ATT,, t.r. 

JL FAC = 2 Z. ATT 2 . 

or .'ATT 1 -.'AT 1 T=| 

But the ancle ATTj, between the tangent AT and the chord TT 3 


bv TT, at the centre. 


the angle at the centre-TO^— : is equal to rne cenee.:on **&*-***! 

— for the. curve, . . j _„.i a. 

The angle TAT, is known as the mterseeno n angle, and > eq-ui to 

^ .. r r _ a_ C taTirr-tic Tn IWlTlOCred 


directly from the plan or measure 
AOT=4 and ~=tan % we get 


AT = R . tan 


. (U 


AT and AT, and 6 aro 3mown_. 
E cL be calculated : or if R and <S are krotm the positions oa T a-d T, 
can be determined. , 

T 


i • - or OA= R.see^j. 

Again OA - 

6 

and as OE=R> ■_ OA=R — EA=R - see o' 

EA=R(sec 2 -l\ * • * ' ^ 

t r, \ - J 

From this if the value of 6 mid the potion 
be found : or if R curves are geneiaBy -^g 


bv tie radius, eg. a -- ^ber of degrees at 

iUri« the * T/%2* 5 s om fa rvhich a chero of 

ssss* 

?I'_snt'>. 50 - K -™ 5 - • ' ' l 
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CURVE RANGING 

6 0 

If 6 be mall, then sin | is approximately equal to ^ in radians, i.e 


n n 

sin ^ = - . — - where 6 is m degrees. 

2 2 180 

.. E _ J» _ B°x 2x180 _ «™ ft approximately. (4) 

9 6 . 7T D 

sm 2 

100 x <f> . , 

The length of the curve will approximately he — q — , where <p is 
the deflection angle of the curve. 

1. Ordinates from the Long Chord — Small curves for street kerbs, 
etc , may he set out by means of offsets from the long chord, and a 



■E *i 


TJC “■* 


Fig. 203. 


Fig. 204 — Offsets from Long Chord 


formula for the ordinate at any distance x from the centre (Fig 204) 
may be deduced as follows 

Let L be the length of the long chord, T and Tj its extremities, DE 
the versed sine, and 0 the centre of the curve, and o x the ordinate at 
a distance x from D 
By Euclid I 47, 




0T 2 = C 

A 
//- ' 

te. 

R 2 = (R - 

//< 

/' 

/ > 

•' ..1 , 

t.c. 

li 

H 

ft 

i 

ft 


— 

DE or 


from which o 0 — the versed sme— can be calculated when R and L 
are known, or if o„ and L are stated, R can be calculated 
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SURVEYING 


choni r fm,Jn K 20 Uj’ am,Ic! , t0 E0 > at « distance * along the 

chord from I), and draw JUf, parallel to TT lf cutting OE in H x ° 
Then OIt2 _ fiir 2 j tttt s 


1.0 

or 

and 

or 


OH 2 = 011^ 4 1111,2, 

R 2 =(ODh o x fii?, 

ODH Ojr *“ a/R 211 "^ 

0,“ v/R^-OD, 
®*" */R 2 - a 2 - (R - o 0 ). 


( 6 ) 


I, nun pie Calculate* tlic ordinaUs at 25 ft distances for a circular curve, 

liming a long cliort! of 200 ft , and a versed sino of 10 ft 
JJj substitution in equation (5), 


10=11- s /lUT(100) ! , R=495 ft. 

It- o 0 =485 ft. 

0o“ 10 ft. 

o,= Jwryi^ZZ 1 - 185=9 37 ft 
o M = N /495 s — 5(l s -485=7 47 ft 
0 (i = N /4'J5- (75)=-485=4 29 ft 

If the radius of the curve is very large m comparison with the 
length of the chord TTj, the ordinate at x, t c IIG, is very nearly equal 
to the radial length 1IG„ so that approximately, by III 35, 


or 


TG . GTj = HG . 2R, 

TTn TG GT, 

HG — IE -1 - 

Applying this rule to the above example, 

2R= *2292= 1000 ft nearly. 


and the ordinates are 


10 

75 x 125 
“ ”1000 

00 x 150 


y 50 


1000 


= 9 37 ft. 
= 7 50 ft. 


2Sx|75 = 437 it 
■- 1000 


agreeing very approximately with those derived by the more aocorate 
rul n offBOts trm the Tangents. -In this method the oftets are 

-a !£ S £ - - 


205 

Then by Euclid III 36, 


oT 2 = aa 1 (aa 1 + 2R) 


(7) 


^ *” » * W.<w 

-V* 


it 
* . 
* ' 




t «, » 


CURVE RANGING 297 

If aay is negligible compared with 2R, as would usually be the case 
for a flat curve, 

aT 2 =2R. aa v 

aT 2 

^2R’ 


°* 2R 5 


. ( 8 ) 


where o x is the offset at a distance x from T. 

For flat curves the centre o is often inaccessible and the ordinates 
are then set out, without any great error, at right angles to the 
tangents AT and AT 1} and at equal distances along these lines 
This entails that the points so fixed on the curve are at unequal 
distances apart, which is occasionally an inconvenience, and the 




Fig 20S —Offsets from Tangent 


Fig. 206 — Offsets from Tangent 


parabohc° U gk ° losely a PP roxuna ting to a circle, is, strictly speaking, 

When aa x is not negligible compared with R, a more accurate 
expression for the radial ordinates may be deduced from (7). A 

more convenient form (equation 9) may be derived from (7) or directlv 
as follows . J 

As T is the tangent point to the curve, Z. ATO is a right angle, 

aO 2 = oT 2 + TO 2 ... (I 47), 

(aa x + R) 2 = aT 2 + R 2 , 
or aa x = a/R 2 + aT 2 - R, 

or o x — x/R 2 +a?-R . . . . (9) 

An accurate expression for offsets to be set out perpendicular to the 
tangent TA may be derived as follows (Fig. 206) 

Join Oa l5 and draw c 1 ff ll parallel to AT and perpendicular to OT. 
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SURVEYING 

(Oa^^Ofl^ 2 + ajOu 2 , 
R 2 = (R - o x ) 2 + z 2 , 

R -o x = a/R 2 - Z 2 , 
o x = R- yy/R 2 - ^ 


( 10 ) 


The value of a: reqiured to locate the vertex D of the curve 


= dD= OD sin i. 

£i 


( 11 ) 


Example . — -Determine tho offsets to bo set out at J-ehain intervals along the 
tangents, to locate a 20-chain curve 

50 2 

Prom equation (8), the 1st offset o 6 - 


— = 625 link 


"2 x 2000 

the 2nd offset =o s x2 2 =2 500 links 

2x2000 

the 3rd offset o x s =o s x 3 2 =5 625 links 
the 10th offset o s =o s x 10 2 =62 5 hnks 

For comparison the offsets are shown in tabular form below • in column 3 
are the results obtained by substitution in (9), and in column 5 those obtained 
from (10) Column 4 shows the errors resulting from the approximation assumed 
m equation (8), when the ordinates are set out m a radial direction, while column 
6 gives the corresponding errors introduced when tho ordinates are set out at 
right angles to the tangents 

Table 


Distance 

X 

Usual method 
Equation (8) 

Accurate method 
for radial offsets 
Equation (0) 

Differ- 

ence 

Accurate method for 
perpendicular off- 
sets Equation CIO) 

Differ- 

ence 

Chains 

links 





5 

62 

62 

• • 

02 

• • 

10 

2 50 

2 50 

•• 

2 50 

• • 

1 o 

5 62 

5 62 


5 62 


20 

10 00 

9 08 

02 

10 03 

03 

25 






3 

22 50 

22 37 

13 

22 63 

13 

4 

40 00 

39 61 

39 

4041 

41 

5 

62 50 

61 55 

95 

63 51 

101 


An error is neic 

when, x is about 3 chains -l x xt, e centre point of the 

Assuming to mtaat. to to of the 

carve when set out at ng § would be approximately 17° 
“C* toU a 20-cham carve, the errors 
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CURVE RANGING 299 

would therefore begin to be appreciable, but m such a case, as the 
offsets otherwise become inconveniently large (and are not negligible 
compared with R), the centre portion of the curve might be located 
from a supplementary tangent through D as in Fig 207. 

3. In Krohike's tangential system, unequal abscissae are taken 
along the tangents TA and T X A in such proportions that the points 
located on the curve by perpendicular ordinates are equidistant , and 
tables are published to facilitate the work. Unless the chainage at the 
commencement of the curve, however, chances to be a whole number of 
chains, the points so determined are not more convement than points 
found by Method 2 

4. Jackson 1 has two systems for setting out a circular curve from 
the tangents In each method six points on the curve are fixed from 
TA by means of ordinates tabulated for different radn A second 
tangent through the sixth point so determined is then set out, its 
direction being found from the third point by means of other tabulated 
data. A further six points are then located from this tangent, the 



auu auscissae uocu as xor me nrst six 
tangent is then set out through the twelfth point, and the nroce 
repeated until the end of the curve is reached. ^ 

In one method equal abscissae are taken, °ivmcr noints nf , Tnor ,„ 
distances along the curve as in Method 2 ; m the other method raeou 
abscissae are taken, and eqm^stant points on the curve determined 
5 Offsets from Chords --This method is that which is rnostXmi; 
employed when an angular instrument is not available and when it 

163014 4116 “ 0lam “ d *** ” 

“d other work, that 




w J- -is n cnains + m links, the first clinW? i« nn 4 .' 
he the remaining portion of the chain length, . t (m »l m 

end of tlie wztii link, winch, falls at T iq ^ ™ 

of the chain is swnig iSJ’S 1 * 7 Me S°nt <n 
through the calculated 

1 Jackson, Aids to Survey Practice 
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SURVEYING 


chains from the commencement of the work. The chain is next pulled 
in the direction of Ta^ produced) until ajb = 1 chain (or ^ chain as the 
case may require), and, the rear end of the chain bemg held at a v it 
is swing round this point as centre, moving the fore end from b to 6 1} 
through the second calculated offset distance bb x af) x is then pro- 
longed to c, bjC being the length of chord required, and the point Cj 
found by swinging the chain round bj as centre, through a distance 
equal to the third calculated offset cc v This method probably gives 
better results than those by offsets from the tangents (Method 2), but 
is not nearly as accurate as those methods in which a theodolite is 
used. If the curve do cs not jom,the tangent AT* at the. correct point 
T£-and probablyltjwfil not do so at the first trial — the pointed^ oZ cj, 
etc , must Tie adjusted by repeating the work until.a correctjresultis 
obtamed For ordinary railway curves of 20 or more chains radius 
a 1 chain length of chord is quite suitable, but for sharper curves a 
chord length of \ chain or less should be adopted 

Derivation of Formulae . — Let the angle aTo^ (Fig. 208) between the 
tangent cT and the chord T a t be S radians. Then the angle subtended 



at the centre 0 by T a-j = 28 (III. 20 and 32). 
is nearly equal to the arc Tu i , 

Toi=R 28 

s _Tox 

and ° 2R’ 


But as the chord Taj 


. ( 12 ) 


Similarly, the chord aa t is nearly equal to the arc aa v 

. aa l =Ta 1 8, 

or by substitution from (12) 


Taj 2 

a ° x 2R * 
_cf 

° x 2R’ ' 


. (13) 


z is verticaiiy 

nsite II 15) 
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The triangles aT^and ba 1 b 2 are approximately similar as both are 
nearly isosceles, 

/. ^2 _ ^1 % e TjT. _ ajb c 2 a, 2 c,^ 

%& *»•*•*•"* T5-^=^-ife = # 

Also 6,6, being the offset from the tangent o,6„ may be written as 

af 

2R* 

The second offset 66j is therefore equal to 66 2 + 6^, « e . 


2 rtTV » ~rr • 


(14) 


2R 2R 2R 
Similarly, = from w y cIl w ] )en ^ and ^ are equal} a 

would usually be the case, 

° 3 “IT (15) 


o„== 


c n( c n-i + C „) 

2R 


* • • (16) 

the n«Sry dfi **»**' CMonl* 

Btraighfc portions of the road ( a ) rf lt » *° connect the twc 

T , 

15 x 4931 = 7 397 chains 
The length of the curve is a-x 15x chains 

m 1 , =13 744 chains, 

-taking 13 chords each equal to ion i m i- 0 „ j 

found by formula (13) that the fat offset o x = *100™°°^ °* 74 4 Iinks ’ ifc 13 

As the chords are all equal with th» „ . 2xl56o~ ^ 

-by formulae 14 or 15-are each equal to™ 0 *- g| W-!^’ ^ 12 ° flSetS 

The last offset by formula (16) is ® § 

o u =!li(100±744)__ 

„ . , “ g^^sor-^ 4 * lmks - 

Similarly, if 50-knk chords had been adopted, 

»i= 83 link. . 

°z~ °2r— 1 66 Jink. 

(h) See solution after Method 7^ 61 
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6 Offsets from Chords — In those cases m which the ground out- 
side the curve is not favourable for chaining, the curve may be set 
out by means of offsets from chords, inside the circle 

Let the chords T6 ls OjCj, 6^, etc. (Fig 209), be of equal length l 
Then as the versed sine of any chord of a circle is given by equation (5) 


asu 


= R - 7R- ^ , the lengths a x a 2 , bjb 2 , c x c 2 , etc , can be calculated, 

when the radius and length of chord are decided upon 

If Tot be set out along the straight length AT, and made equal to 
T a x , then the length T t 2 is half the full distance aj(i 2 , bj) 2 , etc 

This may be shown if the curve be continued beyond the tangent 
point T to OTj, so that OTjOj corresponds with the ordinary chords 
T&,, O.C,, etc Then T^ is equal to bfi 2 also is parallel 

to the tangent mak at T. T ^ is at nght angles to ma, and ot x w is 
approximately so, hence the diagonal ma t of the rectangle ma^rn^ very 
nearly bisects T t z m t v le $t 2 may be considered as half the versed 
sine of a chord of length 1 Concisely, the method of procedure is to 



set out T t 2 from the tangent point, approximately at nght angles to 
TA, cham T» equal to \ (cj. BO ft. or BO hate), aad produce ml, to 

making also equal to \ At a, set out % u, radially, and produce 

the line Tu 2 to 6„ malong Oa&i “ andTO,-!, and contmue tins method 

until the second tangent point % is reached. 

The expression Tfrf 

for 

te> (R_ V )2 = R 2 -(|) 

x In American practi^ben a lOO " ^ a y “e convenient to 
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CURVE RANGING 
and 2R«=^ 2 , 

neglecting v 2 , which is small in comparison with R and L 2 , 

/L\ 2 


ZJtt 

The value of 0 is thus equal to the offset from the tangent calculated 
for a chord of length | (Method 2)— a result which is evidently true 

E X m *5? tte ch ? rd of the arc % T % is Parallel to the tangenl 
at r, so that the versed sme % is equal to the perpendicular distance 
between them, % e. equal to aa^ or and by formula (8) 


__ _Ta a w , - 

2R 2R’ where 

i metllod 18 also applicable when the chords are not all of equa 
length, as is shown in the following example. " 

ST gea at ^ e , be S 1 ? mn g and end of a 20-chain curve ai 
The 1st offset =£ 25 link 


The 2nd offset 


_45x50 . M , , 
TOST” 581 "* 


Tko 3rd to 10th oftet= “1= 62 link. 

4000 


The 11th offset 


_50 x 26 0 n, , 
~-4555- = 32to,t 


mvIlv^^TVe ™ Seat,!l1 Alslesl »* 2I0 >. »» 

theodohte and a cham or taA— 

tape, is the method which is — 

most frequently adopted for r ^f^fT a 

settmg out railway or other 

important curves. It is a \ ‘ — 

very convement operation, V — 2 Sj~* 

and the calculations in- ^ 

volved are simple— particu- ° 

larly m American practice, t _" 0, 210 * 

where the “degree” of a E ku ‘ 3 8 Method of Tangential Angles 

_ _i._ > 1 V. * . 


80 long confpared^ ralius^thnt 1 fh!f ** ° h ° r<3s a 

length of an arc and its * 
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The procedure is as follows : 

The theodolite is set up at tho tangent point T (Fig 210) with the 
vernier adjusted to 3G0°j and the telescope is directed to A and clamped 
If the chamage at T is n chains + m links, the length of the first chord 
will usually be (100 - m) links (or feet as the case may be) The first 
tangential angle AT^ is calculated from the formula derived below, 
and the vernier of the instrument fixed to read this angle, the telescope 
being then directed towards a v The end of the with link is retained 
at T, and the remaining (100 - m) links swung round this point as a 
centre, while the person looking through the telescope indicates to the 
leader at a t the direction in which he must move m order to obtain 
exact coincidence with the cross-hairs t . 

a having been located, and the instrument still remaimng at T, 
the vernier is altered to read the second tangential angle AT b t and re- 
clampcd. The telescope is consequently directed along the line T^, 
and the second chord 0& is set out by swinging the chain round % 
as a centre until the image of b t coincides with the cross-hairs Ike 
remaining chords are set out m a similar manner, eg the position ot 
c, is fixed by swinging the chain round b x as a centre, and getting co- 
incidence with the cross-hairs of the diaphragm when the telescope is 
directed along the line Tc,, and the vernier reads the third tangential 

^Thcfonnula for the angles will now be derived The first tangentaal 
ancle (S t ) is the angle ATOj, between the tangent TA mid the chord 
Taf and is equal to the angle m the opposite segment But this angle 
, s fauTue Sglc subtended by To, at the centre of the crde, so that 

ZT When tte’icngth of the chord is small compared with the 
of the curve, the chord To, is approximately eijtial to the arc 1a„ an 

its length 2<rE 16 fte mcnmferl!,l0e of ae 

plete circle, 3S0 „ ±, . <0 i degree8 

. dj — n- x srrR. R 6 


_ 60 x ^9 h minutes, 

7 r R 

1718 9 minutes. . (17) 


Similarly, the tangential angle S 2 of afijrom the tangent at .e. 
rt bafa is 1718 9 . ^ minutes, 

and tins ancle, between the tangent 6«i and the chord e A , > 
to theangle in the opposite segment, t . 

Z. bafii = o-i^v 
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therefore Z AT 6 lt the total tangential angle of b v i e A 2 . is equal to 
Sj + S 2 

Similarly, Z. ATcj, the total tangential angle of c l5 t.e A 3 , is equal 

to Sj + Sg + S 3 , where S 3 = 1718 9 j| minutes 

The total tangential angle A n for the last chord {i.e. S x + 8 2 + 8 3 + 

. . + 8 „) should evidently be equal to Z. ATT X . 

Example — See Example illustrating Method 5, p. 301, Part (6) Here 
#=52°-30', 11=15 chains, and the length of curve =13 744 chains 

There will therefore be 13 chords each of 1 chain length and one chord of 
74 4 links 


8i=S 2 =S 3 . . =5 1 ,= 1718 9.i 

lo 

= 114 6 minutes 
= l°-54'6, 

8 14 =1718 9x -!-t- 

15 

= l°-2o' 3 

From this data the tangential angles may be tabulated • 

A X =8j = T-54'6 

a 2 =o 1 -M 2 = 3°-49'2 

a 3 =5 = 5°-43'8 


A 13 = 8^4- 
A 14 = Ajj+Sj, 


8 l3 =138 a =24°-49' 8 
=26°-15' 1 


This value of a 14 agrees with A ATT 1 =?=26°-15' 

2 

ii the case of a curve deflecting towards the left, each of these values 
Srament Ubtra ° ted 36 °° *** glY ° the required readm g the vernier of the 

® *¥ ’’T “"“hod -To set out a curve over rough 

ground, two theodolites may with advantage be employed (Fig 211) 

ahL^h 1186 °! a °j am 01 a tape dis P ensed with; but the method’ 
SV mple and accurate, is not so often adopted as Rankine’s 

to em-nln’ ^ * act that it is seldom economical or convenient 
a e *g ene ™f surveyors with two instruments, upon 

a curve which can be satisfactorily located with one P 

,7 a tae damage at the tangent point T is n chains + m links 
S® ^ st P° m t <*i pn the curve will be (100 -w) links from T and 
the tangential angle AToj, i e. 8 1} is calculated L m Method 7 , Te 

8 ,= 1718 9 x 100 " w 


mmutes 


re “.Ti* 0 tU ? n 8’ e m the °PP”“te segmen 

“ATO^qua^TlA! 7 the Se °° nd t0tal tan 8 entlal «■* Z, * 

at T mthlte Se “ J fr0m ! ,£ 1 # 211 the * a theodolite is set u 

mstaiScut tiS us 3 5° ’ a „ nd S1 « hted t° A > "Me anoth, 

to TfbS its vemier readmg 3G0° is fixed at T l5 and sightc 

to T, then by fixmg the same readmg A on each instrument, the mte 
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section of the two lines of colhmation gives a point on the curve 
By using the tangential angles calculated by formula (17), the correct 
points etc , can be fixed, so that the chamage is continued from the 
straight -without interruption round the curve Any particular point 
is quickly found if each of the instrument men at T and m turn 



waves the staff man into coincidence with his cross wires A very 
few trials will usually suffice to locate the point 

In the case of a curve deflecting towards the left , each of the values 
A x , A 2 , A 3 , etc , would be subtracted from 360°, to give the required 
readings on the verniers of both instruments, the zeros being as already 
staled 

To set out the curve mentioned in the Example on p 305, the table 
of tangential angles is exactly similar to that calculated on p 305 
9 Tacheometnc Curve Banging — Chaining may be dispensed with 
by the use of a tacheometer, but the method is, of course, much less 
exact than Method 8 If the instrument is set up at T (Eig 212 ), each 
point on the curve is fixed by the tangential angle from TA as 
before, and by its distance measured tacheometneally/roin T — instead 

of directly, from the 
preceding pomt, as in 
Rankme’s Method 
If A is the tangen- 
tial angle (calculated 
from formula (17)), 
the angle subtended at 
the centre of the circle 
is 2A, and the length 
of the whole chord 
from T is 2R sm A 
(cf formula (3)) The 
various lengths are 

therefore 2R sm A x , 2R sm A 2 , etc , 2R sm A„, where A„ = S x + S 2 + 

. + 8 , 1 , as m Method 7 , r -d j s s 

These may be deduced for any particular value of R and b v d 2 , 
etc by means either of ordinary sme or log sme tables, or of special 
tables ^ If the ground is moderately level, the required intercepts on 
the staff ran ^calculated by formula (4), p 229, otherwise if inclined 
sights (p 234) are needed the method would be very cumbersome. 



Fjo 212 — Taclieomctnc Curve Banging 
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Example — Slake the necessary calculations for setting out tacheometnc. 
ally the curve of which the data is given on p 301, the engineer’s chain being 
referred to 

The results may be expressed m tabular form. 


Table. 


Tangential Angle, A 

Length (D) of Chord 
from T 

D=2H sin A 

Intercept on stall with 
telescope approvimatelj 
horizontal 


Feet 


A, = l°-54'6 

100 

99 

A* = 3°-49' 2 

199 8 

199 

A s = 5°-43'8 

299 5 

2 98 

A 4 = 7°-38'4 

398 8 

3 98 

A 5 o 9°-33' 

• 

497 7 

4 97 

A„=24°-49'8 

1259 8 

• • 

• • 

A 1 *=26°-15' 

1326 8 

• • 


Column (1) is calculated as already explained on p 305, Method 7. 

Column (2) is calculated from the formula D=2R sin a. 

Column (3) is calculated from the formula D=s. f+f+d ((4),p 229), where 
100 and (/+d)=l. 

It will be seen that beyond the fifth point the distances become too large to 
be clearly distinguished from T, so that then the instrument would need to be 
moved to point 5 and the tangential angles set out from these as explained 
later 

Points 6, 7, 8, 9, 10 would be fixed with the same intercepts on the staff as 
points 1, 2, 3, 4, 5 (Col. 3) after which the instrument would be moved to 10 and 
the same intercepts used for 11, 12, 13, and 14 as for 1, 2, 3, 4, while the ’final 
intercept 15 would be 4 71— to finish at the tangent point T x 


. A * ew miscellaneous problems in connection with the ranging 0 1 
circular curves will now be considered. ° 

(a) To find the positions of the two tangent points T and T, for 
a curve of radius R, when the directions of the two tangents BA and 

AC have been decided upon, but the point of intersection A is in- 
accessi d 10 

andE and AC respecfevely, fo any tv>0 pomts E 

and i {Fig 213) Set up the theodolite at E and F in turn and 
measure the angles BEF and EFC. By subtracting each of these 
values from 180°, the angles AEF and AFE in the tnangle AEF are 
found, and the angle EAF is then deduced as 180°-IeF-AFE 
The deflection angle <f>, being equal to 180° - EAF = AEF + AFE 

oaMate™?^ "'** measDreii and the distances KA and A E 

andEA-HiS^A 

sm EAF sm EAF ’ 

The radius of the curve R and the deflection angle ^ being 
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lmown, the tangent, distances AT and ATj are calculated from 
formula (1), %e. 


AT = AT X = R . tan ^ 


To fix the point T on the ground, a length equal to (AT- AE ) is 
chained off from E, and similarly T x is found by chaining a distance 
(ATj -AE) from F, after which the curve may be set out by one of 
the methods already described 


Example — To find the positions of T and Tj when the following values have 
been determined by direct measurement and It =20 chains BEF=165°-36' t 
EFC=168°-44', EF=3 40 chains 


The angle AEF=180°- 165°-3G'=14 0 -24'. 
The angle AFE=180 o -108 o -44 , =ll o -16' 
.• 0=25°-4O' 


AT=ATj=20 X tan 12°-50'=4 536 chains 


3 40xsm 11°-16' 
sin 25°-40' 



40 x am I4°-24 / 
sin 25°-40' 


534 chain. 

4331 

; 3 4 °43 '3r^ = l 952 cham * 


The distance of T from E=AT - AE=3 022 chains 
The distanco of T x from F=AT 1 -AF=2 604 chains 




(b) If it is not possible, on account of buildings or other objects 
intervening m the line of sight, to set out aU the points on a curve by 
mean^of tangential angles (Method 7) from one position of the mstru- 
ment T, the mstrument may be moved and the work proceeded wit 

aS c, (Fig 214) is the last point which can be seen from T, 

mov, t&.n—t to * fa the vermer 
«+ can 0 nnd direct the cross-hairs on to c$ m_ a 

tangent nnd tie nest chord * - 
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equal to the angle c^Trfj, m the opposite segment (i e 8 I* Method 7) : 
hence by adding A c to each, is seen to equal A a . 

Similarly, the angle efrd^/L and consequently A CgCje, = A e , 
And 5=5 etc 

From this it may be seen that the instrument can be moved from 
the tangent point to any other pomt on the curve, and the staking 



out proceeded with from that point, using the same calculated angles 
as before ° 

° f Slg H t f g t0 , an arbitrary pomt such as when the 
theodolite is moved to c v the telescope may be sighted back to T with 
the vernier reading 360°, and then turned vertically through 180° 
it e transited) ; or it may be turned through 180° m aznnuth, and 
the opposrte vernier taken for the new points on the curve. If practi- 
cable, however, a pomt such as c 3 should be fixed— to eliminate possible 

adj^tment* 0 ^ ° f ColhInat,OI1 of the ^trument not being in 
(c) To determine a compound curve which will be tangential to 

tt* S le t BA and Ac P* 215 >> and alsoS It a 
^ 01 m, a tme LIN mtersectmg these. 

The curve will be made up of tw r o circular arcs each of whirli will 

be tangential toMNatP; /, MP in the tangeS toe (-MTj'of 



““ “ 8le5 B3tP “ d ™°" ei “ d B V- the 

Mdins B, of the euxve between T and P „ equal to MP . tan § • and 

5“ ° f the ' P 40 Tl ■ equal 40 Np ten l> I-* 
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hJlil^Zilc 3imp,c curvo *“* mU «» ^genlM to tee 

By considering the main tangents AT and AT X by formula (1), 

R =AT . tan .... (18) 

while by considering the tangents TM and MP, 

R = MT tan = (AT - AM) tan ^ . . (19) 

Similarly , R=(AT 1 ~AN) tan |. . . . (20) 

By substituting the value of R from (18) in (19), 

AT tan | = (AT - AM) tan 
z 2 

or AT (tan f -tang)- AM tan g 1 , 

AM tan & 

AT= 2 2> • » . (21) 

tan ^ - tan | 

Z 2 

AM tan —= tan ^ 

and R = 5 q~, . . . (22) 

tan - tan - 
2 » 2 

from which equations if the length AM is measured T can be located, 
and the curve staked out 

Example — If 0=160°, 0 i =171°-44', 0 2 =168°-16', and AM =3 chains Then 

by (21) 

3 x tan 85 -52' 

A tan 85°-62'-tan 80° 

3 x 13 8378 K 

“13 8378 - 5 6713 = 6 083 h ’ 
and MT= 2 083 chains, 

B=AT tan 80° 

=5 083 x 5 6713 
= 28 83 chains 

(e) To determine a curve which shall pass through a given point P 
and be tangential to two straight lines 

Let the angle of intersection be 0, and let the co-ordinates of I 
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calculate the tangent distances and show how near this curve passes to A (B So 
Lond ) 

Hcre rtsT 8111 ¥■ 

• R=(R+50) 9588, 

... B= g0x^9588 = n63 ffc appr(mmateIy 

cffOft 

Therefore by equation (4) ^ or near ^ 

60 


If 0 is made 5°, 
But from (25) 


R=- 


-,=1146 3 ft 


sm 2° -30' 

i/=114G 3 (cosec 73°-30'-I) 
= 1146 3 x 0429 
=49 2 ft 

Therefore curve passes about 8 ft from A. 


Transition Curves— The natural tendency of a body moving at a 
uniform speed is for it to continue its motion in a straight line (Newton s 
Fust Law), and if it is desired to prevent this, some external force must 

be In P the case of a tram moving round a curve, the force is applied 
bv the action of the rails on the flanges of the wheel, and, action and 
reaction being equal, the tram consequently exerts an equal and 

opposite force on &g centrifugal f orce , and its magnitude is 

Wo 2 

~gf ^ 3 ‘ W w is the mass of the body in lbs. 

v is the velocity m feet per sec 
r is the radius of curvature m feet. 

< 7=32 2 ft per sec per sec 

*™n, also exerts a downward force of W lbs wt so that the 
® i i _ v. 4-i.r. -roiio nnt.wnrds off the sleepers, 
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and to push the rails outwards off the sleepers, 
the track should be banked until it is at right 
angles to the resultant thrust The horizontal 
component, however, varies as v varies, so that 
t\mcm onlv be done to suit one particular 
speed — usually the greatest probable- on any 
given curve 

If a * tan- 1 ^ is the angle at which the re- 

cm, mug.. — sultant thrust » inclined to 


Fig 217 
Centrifugal Force 
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than, say, 1 in 300: and though theoretically a larger amount 
may sometimes be required, 5" or 6" is generally the maximum 
allowance 

In the case of a simple circular curve, because the curvature is 
the same at all points, the full allowance is required immediately the 
curve is entered upon, so that unless the first lengths of curve are to 
be insufficiently banked, the cant must be gradually applied along 
the straight length This is unpleasant and evidently unsatisfactory, 
and to avoid it some form of Transition Curve or Curve of Adjustment ' 
should be employed to connect the straight portions to the main, 
circular arcs 

The gauge, though slightly increased on a curve, is practically 
constant, so that if h be the cant, and G the distance between the 
centres of the rail heads, 


1 L • 


r» 

g = sm a = tan a (nearly) as a is generally small 


, r t J 

Iffi ' 


y tt 

* s**i 

«IV 

t*. ■>) 

t'A />< 


tan a = — » 
9 r 

"G gr 


. (26) 


/! 
1 t Y J 


Therefore for any given gauge and maxunum speed v, h «= so that 

if h is to be applied at a uniform rate, an ideal ? 

lorm tor a transition curve would be one m which io A 

the curvature (^j is zero at the tangent point P * * ’ x 

on the straight, and mcreases uniformly m the * /w ! i 

as tlie dBta ® oe alon S the curve until **$vy7 \ 
it joms the mam curve (radius =R) with a curva- p-// / j 

ture equal to M / / | 

a fW? ^ a ? 7 d ^ ( Flg 218 ^ an 7 two points at / / f 

a distance 8Z apart on a transition curve TPQ / / ! 

T pf b !£l the J ange ^ P° mt 011 the straight! J \ 

Let the tangents at P and Q cut TAinM and / ! 

2<SK?S) makmg z PMA -V. -a • / j 

8^ en tlie average curv& ture of the strip PQ T ~ ~"'' 5r ’ 

81 Fig 218 

If the curvature is to be proportional to the Tranaitl0n 
length l of the curve from T, then ^ - «,! where c, is a constant, , «. 
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from which by integration 
or by writing K 
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*-4 

1= K V?. 


(27) 

The curve having the equation 1 1 — K-\/ 0 is thus suitable for a 
transition curve, the value of K being obtained from the value of <f>, 
say 0 X at the end of the transition curve (i e. its junction with the 
circular arc) when Z=L. 

That this curve l = K\/ 0 is very closely represented by the cubic 
parabola x =c . y 3 , where x is the ordinate to the curve at a distance y 
along the tangent TA from T, may be shown as follows 

From Fig. 218 it will be seen that 

dy=dl. cos 0 

f l\ 2 


Substituting for 0 from equation (27), 
dy-dl(l-^ + . ), 


and on integrating 


y—l— 


I s 


10K 4 


But as 0 (which is expressed m radians) is a very small angle, K 
is very large, and the second and following terms are negligible for all 
ordinary cases, consequently 

y = l nearly. . 

Similarly, dx=dl sm 0 


(28) 
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J * 


eto ) 

=il (i~m + )■ • • 

• (29) 

»*r 1 : 

and on integration 

P V , 

X 3K 2 42K 6 
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<11 1 
, 4 1 ,11 
f ' 1 5' i 

or, as l = y, 


. (30) 

1 ! 

■ ; , .p 

. i ” > i 

or 

®=c.y 3 , 

. (31) 
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c= 3i: 2 
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i “ Transition Carves for Railways” Proe. ICE 
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Glover, and 

ij ' i » 




' 1 * 



» 


r 



*4 








\ 



CURVE RANGING 


315 


To find the radius of curvature r at any point, the equation, which 
is well known and may he easily deduced, is 


r- 


{ 




or 


d 2 x 
dif 

1 d*x , 

- = nearly. 
r dy 2 

Therefore from equation (30) 

g=g (as m (29)), 


and 


or, as y — l nearly, 


(32) 


(fix _2 y 
dtf K 2 ’ 

21 

r (p“]P 

In order to fit in the transition curve between the straight length 
and the circular curve, the tangent of the circular curve must 
be shifted an amount TiT u (Fig. 219), where OT u is the radius of 
the circular central portion 
of the curve, and OT x is the 
radius of that circular curve 
from the same centre 0, 
which would be required to 
join the two tangents BA 
and AC were no transition 
curve inserted 

Let the distance T^Tjj 
— known as the shift — be 
S, and let the radu 0T« - R 
and 0T 1 =R + S 

An expression for the 
shift S may then be found 
as follows. 

Let E be the point at 
which the easement curve joins the circular curve anil lef TPWKn 

C ° D Then ^oTand^T ^ ^ ^ “T*™ 8 an an 8 le & mth BA at F? 
the angle E0T x 1 ^ per £ endlcular to EF and BA respectively, 

i-SAlhf Ju!T t0 J E -f’} wher v “ a % «■ «• fo- 

J ^ Ui n/ on HA and OT x respectively, i e the shift - 

S = TjT-j^ = eE - R (1 - cos fa) 



Fig 219 — Transition Curre. 
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But from equation (30) 

3K 2 3K 2 ’ 

because L, the length of the transition curve TE, is by equation (28) 
nearly equal to the abscissa Tc = y. 

K 2 

Also from equation (32) R=g^, because the radius of curvature at 

E is equal to that of the circular curve Avhich it joins , and from 

L 4 

equation (27) 

T3 TT2 T 4 

Therefore by substitution S = ^ ^ ^ 


l V 

12 K 2 ’ 


or 


S 


_J£| 

24R* I * 


(33) 


the form of expression employed m Froude’s Curve of Adjustment 

I lf the radius R of the mam curve has been decided upon, and 
if the angle of intersection between the two straight lengths BA and 
AC is known, the position of T relatively to the point of intersection 
. A may be found by equation (1), as for a circular curve of radius (R + S) 
Also if the amount of super-elevation (t e h feet) to be applied 
to the circular portion of the curve of radius R has been computed, 
the length L of the transition curve may be determmed by one of 

several methods . , , , » „ 

(a) Itmay be of such a length that the cant is applied at a tmiform 

rate of, say, 1 in 300, when L= 300 h . feeh in which ease if li is hunted 
to 6 inches, the maximum value of L is 150 feet , 

(6) It may be of such a length that the rate : at which the super; 
elevation h is to be apphed shall not exceed, say, 2 inches per second , 
(e) It may be of a constant length, say 150 ft , a figure which is 

fa< Oi e S) “ mly be of such a length that the rate of change of rad.al 

necessary to locate T, thf point of tangency of the transition curve, 
and it may be shown that T X T is equal to ^ 

Thus TT^Te-Eex 

= Tc - R sin & 

-Te-E.(^i-|v) + - ’ ’ 

. some American unlwajs .mod? the rate tml ■»* *» “ d “‘ ^ 

second 
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== Te - R^i nearly 
K 2 Lr 
2L K 2 

' « li» • 


=L-; 


(34) 


The curves may now be set out by one of several methods * 

(a) The central circular curve of radius R may be set out from T u 
or from E by any of the usual methods already described m the 
present chapter. 

(b) The transition curve may be set out — 

(1) By means of offsets from TA 

*(2) By means of offsets from TT X and from the arc T U E. 

^(3) By means of deflection angles from T. 

(1) Offsets from TA 

-A 

From equation (30) 
and from equation (32) 


x = ; 


i.e. 


3K 2 ’ 
K 2 =21r=2LR, 

- f 

6LR 

= 1® 
r *L 3 * 


X- 


(35) 


The ordinate eE is therefore 4S, and the ordinate T t f is therefore 
|S, i e the transition curve bisects and is bisected by l^T^ 

(2) Offsets from TT X and from the arc T U E 
At n feet from T the offset from the tangent TA 

_w 3 L 2 /. n? Q \ 

L 3 * 6R V e ' L 3 ‘ 4S A 

At L - n feet from T the offset from the tangent TA 

_ (L -nf L 2 
L 3 ’ 6R‘ 

At L -n feet from T the offset from the tangent TA to the circular 


curve 


L 2 

24R 


+ R 




at iti; “ 

te> ^+R-Rfl-(ii^?L i y^-( L -«) 3 

24R \ V 2R ) i -mr* 

which reduces to L a 

L 3 6R* 
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That is, the offset from the circular curve to the transition curve 
at a distance n bom E is equal to the ofiset tan the tangent to the 
transition curve at a distance « tom T, hern® half the curve may be 
aeHut by oHscts tom the tangent IT,, and the remaining hall by 

CqU l1 Snt“tomSSovr^l“tot the rate at which the cmve 
approachesany osculating circle is constant, and equal to the rate at 
v Inch it approaches the tangent TA 
(3) Deflection angles from T 

By the differentiation of equation (30), ie of s = f, 

dy K 2 ’ 

dx r , pP_ * 

also from Fig 218 ^ $ pjl pM 3K 2 pM 

V" - V 3 . 1 
* K 2 3K 2 pM* 


or 


pM=| 


(36) 


Hence if the deflection angle ATP -8, 

tan 8=^, 

V 

, 3x 

, tan <£ = -—» 

and V 

, tan 8 = i t an f 

or, since S and ^ are very small angles, 

tan 8 = tan if 


and 


But 


hence 


8 = if 

■£ = |s radians, 

8-1 p radians, 

1 - I 2 radians, 
6 RL 


/ 


( 37 ) 


e 1800 jp mm utes ( 

at the centre by a cnoru 
curve, then . L D 


• _±L degrees, 

Ti“ 2 100 
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and 8,^ degrees = ^ minutes, f 

where Sj^ is tlie total deflection angle ATE, 

and S = £- ^minutes .1' . . (38) 

Numerous tables are published to facilitate the calculations of the 
deflection angles for different spiral curves 

In order to set out the circular curve from E, the direction of the 
tangent at E may be found by sighting to T, and turning through an 
angle TEF, t.e &-S »ie foil 


— minutes, / 

or, as the point F is §L from T, the line FE may be set out by sighting 
to F. J 6 ° 

Compound Curves. — If it is required to insert a transition curve 



v 


* I 

\ , 


•» 


4 


i 



between two circular curves of radu R a and R„ respectively, tl 
lion' ( 33 ) ° f 6h t Sl and S; re 'l u ire<i for each is calculated b/equ 

(It T ?J%- ,220), at which the curves of rac 

5™ * a™ and (R 2 + S,) would touch the tliree tangents, are then cor 
puted as explained on p 310, and in S,g. 215. 

At PstTif. 1 ®™ at T J and , T r' are locatad as “’ready explaine 
andS the < ?7 as hav ? becn sh,Ited tha proper amounts ! 

8 - Vi, dslancc bct " een «10 tangents of the shifted curves 

if on the two curves are h x and lu respective! v ai 

th{» tl e lencthL 1 of? tC a i wKcl1 tllc chan £ e of cant is to be applie 
n xnc lcn & th ^ of transition cun e required at P is 

W(*i-a 2 ) 

empiri ' !aU -'' or b - v “Coring tl 
proceed to locate this length L of transition curve, use may l 


t 


v 




% 


« 




s. r 


t% 



** * 






? - 
r t 


'X 




v -'fA 


U " ,“-1 
J- "• 


,_■>■ f 
,M „ 





320 


SURVEYING 


made of the fact that the rate at which the transition curve approaches 
either of the osculating circular curves is constant, and equal to the 
rate at which it approaches the tangent at its origin Hence the 
transition curve is bisected at a point (p 3 ) midway between the two 
curves so that, knowing p x p. ,, i e S x - S 2 , and the length L, the offsets 
may be set out from the circular arcs t 1 p 1 and t 2 p 2 

Thus from p 3 set out |L m each direction to meet the circular curves 
in ^ and t 2 respectively Then the ordinate x from the circular curve 
to the transition curve at any distance y from i x or from t 2 is 

i-S 2 ) 


ST 

_4 ./>(S,-8.) 
L 3 


(39) 


If the two curves are reverse, a similar procedure is usually adopted, 
the distance between the shifted curves being S t + S 2 , and the length 
of transition curve L =/(^ + h 2 ) The ordinate x from the circular 
curve to the transition curve (which bisects p t p z m p s ), at a distance 
« from U or from t 2 , is 

. . (40) 

The two portions of the transition curve would then have a common 
tanZt rtT the middle point of but by tins method, when 
the^cant is changed at a uniform rate, the cant on the transition curve 
S « E omt to may he in the opposite dimction to the enrva- 

tUI An alternative method would be to set out two separate transition 
An airernau v c taneency 0 f the two circles of radii Rj + bi 

‘Ts 1 fc £o m P ole curve of length W/h from P to 

Zddbe boated by mams of offset* .from . the circular curve t lVv 

the other of length L,=//j 2j or from the arc ph 

Theofisct a at a distance , from B, »»a *• «■* * * * 

y 3 a 

distance y from k=j^‘ ° 2 ’ 

so that the distance s between the circular curves would be divided 

“ t ^ case 1 tb S I 

aero when the the tans*™ o£ve would not bo qnrte 

“StfS SfZete at them junction as . the ease . the 

usual method. 11prcs f or a com 
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Assuming a speed of 40 miles per hour, t e. 5S7 ft. per sec , 7t x for the 40- 
chain curve 

_ 4 9 x (58 7) s 
322x40x66 
= 2 ft nearly, 

where 4 9 ft is the distance from centre to centre of the rails 

Similarly, h, for the 15-chain curve = 5 feet (maximum) Applying the cant 
at a rate of 1 in 300, 1^=60 ft , L s = 150 ft , or Li— 1 00 chain and L a =2 50 
chains say. 

04 hnks ' 


Then 


and 


‘24x4000 

S 2 =( 2 . 5 W links =1 74 hnks 
24 x 1500 


I 


The ordinates for sotting out L x are 

(100p ^ x 1 01 hnks, 

so that for pegs at 50-link intervals the offsets are 52 and 4 16 Imlra 

Similarly, for locating L. the ordinates from the equation X 4 x I 74 

are 06, *44, 1 50, 3 56, and 6 96 hnks ^ 250 ^ 

tat to 0 tSSa-pe)! 118 *" L=I ' S0 ° im °* “ a 1116 “t** m 

:c “S x 

t e at 50 links from ^ or t s x— 10 link , 

Vertical Curves. — In American practice the lomntudmal inrlinn 

raJway b . plmt™ 

ftion of x in 100 is 
'an x% grade 
\ When two grades 
! meet, it is advisable 
jto insert a curve in 
a vertical plane to 
'round off the angle 
,'that would other- 

rates are often exceeded. * Q per C ^ am at sa § s * ^ ou gh these 

grade is (x + y)% , aSdthtTn^h ofvertSc^e’reo 6 ° hange of 
the two tangents noil be ertical curve required to connect 

~J 1 ' " 10 (® + V) chains (Engineer’s) 



Fio 221 — Vertical Curves 
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322 SURVEYING 

The nearest even number L of complete chains would be adopted The 
vertical curve would then commence at ^ chains from the apex, and 

finish at 2 chains beyond the apex. 

The elevations of the beginning and end of the curve, and of other 
stations along the tangents, may then be computed if the elevation 
of the apex A is known , and by assuming the curve to be parabolic 
the distances that this is below the tangent at each point can be 
calculated, and hence the elevations of the points on the curve can be 
found as m the following example 

Example —If tho up grade is 8% and the down grade 9% the change of 
grado is 1 7% and tho length of tho vertical curve is 17 chains This would be 
taken ns 18 chains to give 9 chains on each Bide of the vertex If the elevation 
at tho apex A (chamngc = 130 00 say) is 80 40 ft , the elevation of the beginning 
of the curve at a cliamngo of 121 00 is 80 40- (9 x 8) =73 20 ft , and at the end 
of tho curve— ohamage 139 00 — the elevation is 80 40- (9 x 9)=72 30 ft 

Tho elevation of the point a (Fig 221) is therefore 20 + 72 30_ 7 2 75 ft 

Also, os tho parabola will bisect Aa, the elevation of the parabola at A 

_ 80 40+72 75 _ ? G g7 ffc 
2 

Tho elevation at a chamngc of 122 00 on the curve may be found as follows 
Elevation of station 122 00 on tangent=80 40- (8 x 8)=74 00 ft 
Distance of curve below tangent at this pomt= Q j x (80 40- 76 57) 

= .1x3 83=0 47 ft 
81 

Tho elevation of the point 122 on tho curvo is therefore 74 00 - 0 47=73 53 ft 
Similarly the elevation of other points on the curve may be calculated 

Other examples are given on p 324 to be solved by the student 
If the inclinations are expressed as fractions instead of percentages, 
the same principles are applicable, though the calculations may be 

more laborious. 
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EXAMPLES 

it 25-ft distai 
a long chord of 350 ft" and a versed sme of 15 ft 


1 


(1) Calculate the ordinates at 25-ft distances for a circular curve having 


( ?UV nd wSS ^ItTsSeftf^cTtS 

tho chamage of^he mtersection is 132 chams+24 5 (the 100-ft 
^TillmttoT following toblo for the curvo: 
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Curve No 39 


I Ead Dist S | 

O .3 


Chainage 


J Cone iT . B . Curve 
^ begins Apex ends 


(3) Woik out the necessary quantities for setting out the curve m Question 2 

by 

(1) The method of offsets from chords (usual method) 

(2) „ „ „ (method 6). 

(4) (U of L ) The chainage at the point of intersection of the tangents to a 
railway curve is 3876 links, and the angle between them is 124° 

Find the chainage at the beginning and end of the curve if it is 40 chamB 
radius, and calculate out the angles which are required m order to set out this 
curve (a) with a theodolite, (6) with a chain and tape only. 

(5) In Fig 216 BA and AC are intersected by a straight length MN and the 
angles 0,= 13O° and 0 a =I5O°. Calculate the lengths AT and AT, if the curve 
TP is 15 chains and PT, 20 chains radius. Fmd also the position of P, M, and N, 
and the length MN. 

(6) In Fig 215 if 0 = 130°, Ail =7 00 chains, AN=6 00 chains, and MP=4 50 

chains, find the radius of a curve to pass through P and to be tangential to AB and 
AC H the chainage of A=120 56 chains what would be the chainage at T. P 
and T, & ’ * 

(7) (U of L ) A bght railway is to be earned round the shoulder of a hill 
and its centre line is to be tangent to each of the three lines AB, BC, and CD as 
follows 

Llne Bearing Length 

AB North 30° E. 

BC East 600 ft 

CD South 

tanttent'pomte 18 tadlUS °* fc ^ e ourve and the lengths required for setting out the 

(8) (U of L ) The whole circle bearings of two straight portions AB BC of 

a railway line are 60 degrees and 90 degrees respectively The charnaS nfthl 
point B is 85 18 chains, the 100-ft chain being used. 7 3g6 ° f fche 

JS e JuSZ.’S£. t, ‘ ° 0,mKtei * tw ° ««"* a circular 

(or Sr £££ .SSC ss LIT 80 

.Ld'thSaohtf 1 ' 1 ™ 0ums °° d tte olro “ kr cam & Mt out mtb a cE 

iy 1 *ch 

5 : 

and AC " ™ em and afc the junctions with the tangents BA 
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TJic clminagc at A=144 chains+54 links, and the maximum velocity to be 
allotted for is 45 miles per hour 

(10) Find the reduced level of the various station pegs on a vertical curve 
connecting two uniform gradients of 

(a) +0 7% and -0 9% respectively 

(b) +0 7% and +0 9% 

(e) -0 7% and- 0 9% 

Take the reduced level of the intersection point as 160 60 ft in each case, 
and the maximum rate of change of grade as 0 2% at summits and 0 1% at sags 

Tho f- sign denotes an ascending and the - sign a descending grade. 
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Chapter XI 

EARTHWORK CALCULATIONS 

Before proceeding to find an expression for the volume of a cutting nr 
one S“ £Z£d '$£?*" *° COnSlte —— Jt of 

i4mi ° om ot m 

perpendicular distance of the vertex 0 from °fC — T"? 

the base ; and let a be the area of any section /j\ l j 

paraUel to the base at a perpendicular distance // i \\ *? ! 

a from the vertex m /.>trr\\ I i 

m . a a, /x/5i-«n\ <L> 

111611 a v ~d^ as ™ e h ne <tr dimensions of / / Tj \\ : 

the areas are proportional to d and d 0 re- / // ! \\l 

spectively. 0 / { \-.A| 

The volume of an elementary strip of a < / 1 YA 

thickness Sd at a distance d from 0 is therefore N. I *o 

a.Si-a 0 .f Si, 

do Pig 222 

M the integral ° f tMs session between 


v "£ 

n 


or if a e is the central section 


(i ) 9 

a e _ \ 2 / 

o, d„ 2 or °° 


or or 0 =4.a e , 


V=?o4 =b 2^ 9 ^ j- 

3 ^p~ - («o + 4a c )^. 


. . (i) 

of 5^5SKS« 
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dicular distances from tlie vertex of the completed cone on to the top 
nnd base areas, a 2 and a 0 respectively, so that 

d« J 

-r&u-V) 


6 ct 0 - 

dn — da 


_“o 




( 2 ) 


But 


Cta ' Oq • ‘ do 2 dp 2 , 


o n d, 2 


££-a. 


d 0 2 


f 2» 


that equation (2) may be written 

v = ti=(„ 0+ v<i>;+o 2 ) 

/do + d 2 \ 2 ,7 2 

The central area fl c O o ^ — 2 — / a ° ' 

Vo + d £ 
o e -ao- 4 rf( 2 » 

4.a c =a 0 (l + 2<?2 


(3) 


d 0 d 0 2 . 


2> 


.* -°1 2 = J ( - a 0 + 4a c - <7 2 ) 
d a 


K*) 



Substitutmg m (2) 
y _ dcLL^? {a 0 + 4a c + ^ 2 ) (5) 

This equation is obviously 
true in the special case when 
o 0 -a c =a 2 ,tc is applicable to 

such sohds as cylinders and 
parallelopipeds which may be 
considered as frusta of cones 
and pyramids of an infinitely 

1. _ I i-i 


/ — and pyranuuo ui * 

Fl ° 223 great altitude , 

, nwsrri (Fig 223) having its two end 
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remain constant for all sections, while dimensions at right angles to 
this are proportional to <7. 

Therefore using the same notation as before (not 

° a Q d Q \ d 0 V 

The volume of a thin strip parallel to be, and of thickness 8 d, is 
therefore 

a Sd, 

a 0 


and the total volume 


-i I' 


do 

d . dd 


or for a truncated prism 


_ a o d 0 2 _ a Q d Q 

2 V “T* 
T-^W-W. 


( 6 ) 


or as 


n _ ^ 0^2 . XT d n ~ di 

* ' s 

“0 


- 0*o + Og). 


CO 


dp + d 2 

(? c = a 0 — ~ — =g ^o(do + d g ) _ 1 , 

0 d 0 2d 0 2lff o +fl 2 ), 

or 4 o c = 2(or 0 + a 2 ), 

so that if V is expressed m terms of a 0 , a e , and a z , from (7) 

V =^(«o + 0 2 ) 


“°q ? (3ff 0 + 3o 2 ), (multiplymgnumerator 

Onr4 t a\ 


. dp ~~ d. 


6 

)( a o + 4 «d + fl 2 )* . . (8) 


~ (°o + 2(« 0 + a 2 ) + a 2 ) 


and denominator by 3) 


'^rteal ILTZLZ’J'Xd 

o^rHS’bTHSS iFHr • r 

the sum of the areas of fh« j 1 iT 2 , 2 v ’°^ un ie is equal tol 

area of the central section muFSS four times the ^’ 

distance between the end sections.^ ^ ^ ^ ° f the P er P en <hcular i 
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A tn d i a i 0M figUre havui S two P araUeI P kne end areas, 
■7,° and fa sa y» which are not necessarily similar, but may be of any 
shape whatever provided that the surfaces pining their perimeters 
arc capable of being generated by straight hnes continuous from the 
one perimeter to the other 

Let the perpendicular distance between the two parallel end faces 
be 2JJ, and let the central section have an area A X 

Then the figure is evidently composed of a number of regular or 
irregular cones, pyramids, and prisms, of a uniform height 2D, so that 
the above-stated general formula is applicable, t e , as 


A 0 = 2ra 0 

Aj = Ec e 
A 2 = Scr 2 
2D = 2(rf 0 -dy, 


V = ih-jL (a 0 +4 a c +cr 2 ) 


= -g- (A) + 4Aj + A 2 ) 


. (9) 


If the dimensions of the end areas are measured, those of the 
central section may frequently be ascertained by calculation and the 
formula (9) applied, or if desired all the required dimensions may be 
obtained by direct measurement 


Example — Find the volume of a tank winch is excavated m level ground to a 
depth of 8' - 6' The top, winch is rectangular in shape, has an area of 50 ft X 20 ft , 
while tho bottom is 33 ft X 3 ft 
Applying formula (9) wo have 

D=425 ft 

A # =50x20=1000 sq ft 
A 2 =33x3=99 sq ft 

A x (taking a mean of the linear dimensions) =41 5x 11 5, 
and 4A X =41 5x 11 5x4=1909 sq ft 


V=~(1000+1909 + 99)=4261J cub ft 
3 


An incorrect result would be obtained were the volume assumed to be either 
the mean of the top and bottom areas x 8 5 ft or as the area of tho central section 


* ^For the purposes of comparison the values obtained by these methods are 

81VCn (o) y^— 1000 + 99 x 8 5 = 4670| cub ft 

2 

(6) V 1= (41 5 X 11 6) X 8 5=4056| cub ft 
The discrepancy between the results would have been much less had tho 
areas been more nearly equal 

In order to compute the volume of a cutting or embankment, cross- 
eectmns are taken at sufficiently close f intervals to split up the total 
length mto what is virtually a senes of prismoids. 
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If the ground is of fairly uniform slope, the sections may be 
equidistant, when the calculations are simplified. 

Thus if A 0> A v Az, A 3 . . A n are the areas of the different cross- 
sections at a distance D apart, then as long as D is sufficiently small 
to ensure that the sohds between A 0 and Ag, A 2 and A4, A 4 and A 6 , 
etc , are approximately pnsmoidal, % e as long as the shape of the 
surfaces can be approximately traced by straight lines extending 
over these distances, the volume enclosed is 

-g (A 0 + 4A 1 + A^j + -g (Aa + 4A3 + A 4 ) + . . . 


The volume, where there are an odd number of areas (t.e. n is even), 
is then given by a formula of the same form as Simpson’s rule for 
areas in Chapter I , i.e 


» 1 Y — -g (A 0 + 4A X + 2A 2 + 4A 3 + . 2A n ~ z + 4A n - 1 + A n ). (10) 

When there is an even number of cross-sections, one of the end 
divisions must be treated separately by any convenient method, while 
the Pnsmoidal Formula (10) is applied to the remainder. 

, If the value of D cannot be kept constant throughout, the volume 

^ ^ ‘ must be calculated in separate lengths over which one value of D is 

constant, and the results added. (Cf. the application of Simpson’s 
, ' rule to the calculation of areas, p. 31.) 

The cross-sections may be taken along honzontal instead of 
^ j vertical planes, if desired, and this method is often very convenient, 

'4 , e 9 for the determination of the capacity of reservoirs, or the 

amount of filling in hollows or of excavation in hills. If the 
contour lines are delineated, the enclosed areas give the values of 
Ao> A x , A a , etc , while the vertical interval corresponds to D in the 
above formula 




Example Calculate the cubic contents of the length of embankment of 
which, the cross-sectional areas afc 50-ffc intervals are as follows : 

Distance 0 50 100 150 200 250 300 ft. 

Area. 425 640 726 1590 1790 2600 1130 sq. ft 

V=t?{(425+ 1130)+ 4(640+ 1590 +2600) +2(726+ 1790)} 

— {1555 + 19,320+ 5032} cub ft. =15,992 cub yds 

The Trapezoidal Formula — A more simple rule than the pns- 
moidal rule for volumes is 1 

^ r== T^(A 0 + 2A l +2A 2 + . . 2A n _ 1 + A„) . . (H) 

This is mathematically correct, whether n is even or odd, if the 
volume between successive sections can be considered as built up of 
a number of prisms and parallelopipeds or cylinders, each of a height 
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D (t c with tlic omission of pyramids or cones), as by equation (7) 
the volumes of such figures are given by the formula 

Vi=®(Ao + Ai). 

The total volume V is then 

V = ^(A 0 + A 1 ) + ^(A 1 + A 2 )+ . . . 5(A n _ 1 + A„), 

from which equation (11) is easily deduced 

Examnk 1 — 1 The volumo of tlio tank m the example on p 328 was found by 
llio Trapezoidal rule to bo 4070* cub ft , whereas the correct value obtained by 

that the rule is not strictly apphcablo 
„s to Bohd imposed of a central parallclopipcd, 4 pnsins at the edges and 

* P ^morS^tasclT together the cross-sections are taken, the more accurate is 
Tho moro closely g takcn ng 4 25 , and the central area is considered, 

Z SJepaLy otum only in the 8 much smaller pyramids at the angles, onstcad 

of in the 4 largo ones, and the derived result is 

V=i^{1000+(2x477 25)+99}=4363 7 cub ft nearly 

ExampIc 2 -Calculate the volume of the embankment m tbe example on 
p 329 by the application of tho Trapezoidal Rule 

y =s — {(425 + 1 130) + 2(640 + 726 + 1590 + 1790 + 2600)} cub ft 

" ieo,c 

Average Area -A still more approximate method which corrc- 
Bponds to Rule 5 for areas, p 30, is 

1 «D (An + At + A g + i— lit (12) 

* “ 71 + 1 

r mk Apply this rul° to determine Hio contents of tho emlinnlimcnt in 

Examp 9 and that above 
to CPPpto M+1 ^ ± lTO0 ± jMO±lffii o„b yds 

= 14,129 cub yds th0 Pnsmoidal Rule, and 

j MS b* 

about 0 /o various cross-sections 
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or diagrams— for instance, in tlie computation of tlie volumes of 
cuttings or embankments for road or railway work. 

After the route of the proposed work has been finally decided upon, 
a longitudinal section is taken along the centre line, and, at suitable 
intervals, cross- sections at right angles to this are determined as 
explained in Chapter VI. 

The “ formation ” level is then laid down upon the longitudinal 
section The exact position of this is a matter for the judgment of the 
engineer, who must consider such points as 

(1) The ruling gradient which it is inadvisable to exceed. 

(2) The relative and actual quantities of cutting and embankment, 
so that it may be unnecessary either to haul excavated material a 
great distance to an available tip, or to bring from any remote points 
filhng-m material for an embankment 

(3) The levels of existing roads and waterways which may need to 
be crossed or joined, and which cannot be unduly interfered with. 

(4) The number and extent of bridges, viaducts, aqueducts, 
tunnels, etc , which the choice may entail 

From the longitudinal section the height of the formation Ime 
above datum at the various cross-sections is ascertained either by 
calculation or by scaled measurements, and when this is known the 
profile of the cutting or embankment may be set out on each section 

Thus m Figs. 224, 225, and 226 let 

b — the width of a cutting at formation level TS. 
ft = the depth of cutting on the centre hne QN. 

E i and * 2 “ the horizontal distances ER and DP from the centre to the 
intersection of the side 


slopes with the original 
ground level at R and 
P respectively These 
values are known as 
side-widths , side - dis- 
tances,orhalf-breadths 
n horizontal to 1 vertical 
==the inclination of the 
side slopes 

m horizontal to 1 vertical = 
clination of the ground 


a W 

" - x Sj" 



the transverse or “ sidelong ” in- 


^thevertmal haghfc BE of the point R above fie formation 

h, = theverticalheight GP of thepointPabovetheformationleveL 
(Bi& 224) m “ °°’ * ' wien - flie “ level transversely 

The area a _ /?_ . * . \ ft 


A=(& + (s 1 + s 2 )) I 
= 2 (ft + nh) | 

- (ft + rih)h 
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IevoH%. 223) heI1 ^ Sl ° P ° ° f <fe gr0um! tlo,s not mf t!n ' fomintinn 
intersect* PC “ nt 0n (lle ecntr0 ilnc at " llch U>“ ado slopes «ooU 


or 


NS : ON * n : 1 

ON. A. 

2)2 


The area PQBST - the A QRO + A QPO - & TSO 

= -{( , ‘ + 4) s ' + ( / ' + |:) s s-a} 
-i{te^>(j *!)-!) • 


oil 



I'm 221. 


This formula is equally true whether QR and QP arc of the nine 
[ope or otherwise, prouded that the \ nines of s. mirl s s are knnvn 
f the heights of P and R nbo\c TS arc Known the formula may he 

xpressed m terms of these distances, t c •»,<«>* j J( -jv tmy 

1 PQRST - the sum of the four triangles ITN + Et>>> + i v- N 4 

l ^ . ft. + + /is, ) 

-12 2 2 1 * ’ 

*)«*<«> 1 *e>} (55) 

Case 3 (Fig 226). When the slope of the ground cuts the forrev 
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tion level, so tliat one portion of the area is cutting and the other 
portion embankment. 

The distance XN from the point of intersection to the centre of the 
formation level is mh 


As in Case 2 
and the triangle 


°* N =°^=^ 

XBS-the A QUO* + the A QXO^the A XSO, 


= H (I, + 7i ) + (a + 7i ) ”* “ (I + "*)&} 

" K(4 + 7 ‘) (s * + * !l) ~ Si (1 + ” ,7 ‘)}- • • < 10 > 






* / 

< \r A 

* // * 
* " , 
*‘*j A 

H* 

'A' 


i < 


O' 

r! 




Similarly, the triangle 

PTX = the A QP0 2 + the A QXN - the A 0 2 TN 

= i {Q-n- , ') s t + h 

” - 1 (4 “ 7i ) (s 2 “ m7 ‘) ~ (| ~ m7 ‘)} • • < 17 ) 

Or, if the heights and are known, 


the area 
while the area 


XRS -XSx^ = |. +mJt^ li x , 
XPT = TX x P 2 - mJijfi*,. 


. (18) 
• (19) 


mente and t0 * 19) de 1 duced above apply equally to embank- 

d to cuttings, as may be seen by inverting Figs 224, 225, and 
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226, and numerous tables Lave been devised from these and other 
similar equations 

Sometimes the quantities are tabulated in two tables. One 
table furnishes the volume V e of that portion immediately above 
or below the formation level, while the other table furnishes 
the quantity V s in the two portions above or below the slope 
batters 

The central portion MWST at successive sections has areas «== 
bit and a' = bh', where Ji and h' are the respective central heights of the 
ground above or below the centre of the formation level 

The volume between successive cross-sections may be considered 
as approximately the frustum of a prism, so that the cubic contents 
are obtainable from equation (7), % e 


v,-2( s + ffl ')=f i <* + V>. 

A correction is made when the sidelong slope is considerable or when 
the ratio of h to V differs very much from unity 

Similarly, each of the side portions may be considered as the frustum 
of a pyramid, and the volume is obtained by equation (3), % e 

V t «= + VWi + %') + ( fl 2 + V^2 + °2% 

V.OTO n and a are the cross-sectional areas of the triangles WSR and 

-4 V *» «— v** at ftc Mow - 

rng eecfaon .. ae formulae denve4 aboTe lt has been 

swept through by a constant ar tzi g to the area 

LX"heti^ by the Centre of gravrfy 

° f area A is rotated tbrougbanongle 6, about 0, 

S tom 0, and the volume swept through 

18 ^Tbe volume swept M > to 

Jr . dA is by definition equal to A x R, where It is 

c.e. of the area from 0. g and as R0 is the distance traced 

g Hencetbe walvotaers A ^ o£ tta croton 

multphi by the length of tbe path of too | formed by the 
sides 
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E.g. in Fig 227 AB = 7i, tiie lieiglit of tlie cone. 

BC=?, the radius of the base. 

The area of the triangle ABC=£.r h, and the eg G sweeps 
through a circle of radius GF, where GF is perpendicular to AB - the 
axis of revolution 

G hes on the median CE, at one-third of the distance from E, 

.* GF-i.BC-ir, 

«• 

and the path of G = 2 tt . - 

o 

The volume of the cone by Guldmus’ rule 
is thus 

tyh x *ir) = ~ 3 


or 


^ base area x perpendicular height, a 



result which agrees with the equation on Fig. 227 

p 325. 

Applying this rule to a cutting or embankment, it will be seen that 
if the shape and area A of the cross-section is constant, the volume 
will be the product of the area and the length between the sections 
measured along the curve through the c.gs 

For variable sections the previously derived formulae may be con- 
sidered as satisfactory when the length along the path traced by the 

IeDga a!ong ae loa s“ «*» of 

It is, however more convenient to apply the correction to the areas 

fh the ***“?“? between tbe sections, because the eccen- 
tricity of the eg vanes for successive sections, unless these are of 

Si SSSdto l SSSS^ ae actual 1CEgth of ae mean 

-r i rl t K a « 

til t s 6 radians at the of «"• • 

V_a"r % U, T^“ at t Clty 15 ne S lected the “iml rules would B ue 
The rcsultm s <™r m a length E e ou the centre tae 

J± C 

±p- per unit length. 

If, therefore, to each area is added or subtracted an amount^ 
axis remote°from the 1 centre° of the^cim^or oth ° f ^ 1 ? n 2 ltudlnal 

suffleiunlly accurate to neglect these cor^i^XgS^ptt 
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" d !f[ P c " rv « round n 'S,d“ 0 (F,g 220)^ °“ ttmB ° r emtanb “™t on 
Cnso'l! "vio^fc mill raTfc SfT T 7 denvcd “ s foDows 
g“ 2 (Fig. 22 B) . ■*-£ 

BPP, and Pp"sT. m “ y bl! °°” s ' dt!rcd 08 imposed of the two figures 

Tim firnn TJTm inn 


EPP^lPpxft-y 

“ s 2 (J‘l - h) Since PPj = 2s 2 

(Sj +S 2 ) 


s $n 


bor^mal^^r^ltupj 810 BPP ' trom P * 

- 5 (- 1+ %' + ^) - i (2s, + s, + s 2 ) - 
and the distance from the centre line QN 


• ( 20 ) 

jrds of the 


+ 3s<> Si 

3~ W • 


( 21 ) 


o 6 ... , 

The distance of the e g. of tlie whole section, to the right of QN, i e 

c= (area PPP,^), area PfiSTxQ , 
total area * 

or from (20), (21), and (14), 

^ 5>) 


or from (15) 


2s lSz (h ~ ^2) 


c = 


. ( 22 ) 

= ~T6 “ 7- (S») 

3 \2 (h + Jl z) + Jl («i + s 2 )| 

Case 3 (Fig. 226). When the ground surface intersects the forma- 
tion level 

(a) For the right-hand section RXS, the eg lies on the median 
RJ of the triangle RXS 

NJ = (XJ - XN) 

=J (XN + NS)-XN 
NS-XN , (h ^ 7 ^ 

- — j — 
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c 1 =NJ, + J(s 2 -NJ 1 ) 

= l + ? -i(§ + ,rt ) 

aat ^(*2 + | + nHi\ . 


(25) 


~- 1 ® x P res i sl0Ils for the sidewidths * x and *, and for the 
heights li j and 7 i 2 , may be deduced as follows • 

no Spe m “ ' * 6 ae 8Ulfaoe o£ tte g 10 ™ 1 h*> 




(26) 


Here evidently 
Case 2 (Fig. 225) 

h " ?f s ' de '! ldth T u P fte bank m tie case o{ a cutting and 

down the bant in the case of an embankment S 


-| + SR 


But 


SF == nh x 
=w(7i + EQ) 

iB { i+ s(l + SF)}, 

n b 
2m 


••• SF(l ! 

\ m) 


and 


SF = ~.? n .. .ft + » & 


5 


Similarly, 


m “ n 2 (w - »)* 

1 =SF + | == | + (/ l+ & \jnn_ 
2 2 \ 2 m/m-n 

GT = nh z 

= ”(*-|(l + ®r)}. 


(27) 
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GT (l + — ^ = nh - | 

\ mJ m * 

GT— — (ft-£-) 
m + n\ 2m/ 



and 


and 


(29) 


GT = w 7« 2 
= n (QD - h) 

=»{s(l +6T )-"}’ 

GT(!-S) = S \-* K 

■••““■£=»(«■*) 

2 V2m 7»-» 

The values of hi and h 2 are 

( 7l + £l) and (ft - respectively m Case 2, 

ro d ( i+ ^ and (i-^^vslym OaseS, 

* tgi- — " £ \td IfM? S 

sgjr.'sfis:* “u 

^SEr2»&ress»aT“ 

)Bd fa^^d?r^P^Sn‘t ?£ ^ *>- * 

»£*£«• — *«■ | + ni ) ^ be coated, 

. -,,,. „„w for level ground U « 2 / 
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and as a first trial an allowance made with the eye to compensate for 
the “ sidelong ” slope, t e the staff is held at a selected pomt rather 
more distant from the central position on the upper side of a cuttmg 
or the lower side of an embankment, or rather less distant on the 
reverse sides 

If the altitude of this point K is found to be say W ft above 
formation level, then K will be the correct position and he at the 
junction of the batter of the proposed work with the surface of the 
ground, if the measured distance from Q is equal to the calculated 

distance g + nh 1 = s’ say 

If not, a further trial is made, and the staff held at a little greater 
or a smaller distance than s' ft from the centre line, according as 
the calculated distance s' or the measured distance to K is the greater. 
A new reading is then taken, giving the height above formation level 
as say h" 

The calculated distance ^ + nh tt -s " say will now generally be 

found to agree sufficiently closely with the measured distance, but if 
not the process may be continued, and any required degree of accuracy 
obtamed 

Example. — An embankment is made on ground which haa a transverse slope 
of 1 in 10 The width of the bank at formation level is 30 ft and the side slopes 
of the embankment are 2 horizontal to 1 vertical 

The heights of the bank at the centre of the formation level are 10, 14, and 
16 ft , at three consecutive sections spaced 50 ft apart 
Find (1) The sidewidths 

(2) The cross-sectional areas 

(3) The volume of this length of embankment when the centre line is 

straight 

(4) The volume of this length when the centre line is a circle of 500 ft 

radius 

(1) By equation (27), t e * x «|+(fc+ ™L y the sidewidths on the down 
hill side of the embankment are 

Section (i ) 15+ (lO + g) 75', 

„ (n) 15+ (l4+ 75', 

„ (in) 15 + ^1G+~^J~J*=5S 75', 

while on the uphill side the sidewidths by equation (28), t e. s 2 =-+ (h- mn 

are ^ ' 2ni / ?n + n’ 

Section (i ) 15+ (10 - 1 5) ?°=29 17 ft , 

” (u) 15+(14— 1 5)?2=35 83 ffe., 

« (m) 15+(1G-1 5)^39 17ft> 

AM 




1 


1 


/ * ' 





\ 


I 

\ 


4 


& >• *»*• 

* 

1 

* 

V 

• 


a 

* V 

• 

• 


1 

* „ . 

It 





- , 1 


i p > * . 

, ” , 1 '• 
' V ‘ J 

* , ,l 

*%> - \i • 

{v|f5 >v‘ > n " \i\ 

,V* v|f! ' 1 

Hi' M ' 

“i MU 
YfPr 


•g , * J < 

) *V \, 

"JA.. 


’ 'J, “"V^ A 

* a „ ** 



■v « 


310 SURVEYING 

(2) ’I In- cro-s i»>< tionnl nrr a-i h> < qimf ion (11), ir A=\hs ,4 f.)(h+ b \ b * \ 

am ‘l '**&)“&/• 

ot " ,n (' ) J [(« ™ \ 29 17) (lO-f ]*) - lj ! j =-525 5 aq ft., 

« (*i) * |(-Vi 75 4 35 S3) (l4 4 y)- =850 5 aq ft , 

*. (m ) i |(r»S 754 30 17) (lO-j = 1038 sq ft. 

(3) The volume of Urn embankment bj the prisrnoidnl rule is 

Vn^jSJS rw 4 (850 5)4 1038) 

*-82758 cub ft. 

>-3005 cub jds, 
while b.v tb« (nptzoM'il rule 

= ^(525 54 2(8505)4 1038} 

**81012 Scab fL 
•->3023 cub jds nearly. 


b\ average nrrai 


V«-*2x 50 ^0“** 0 ^-S 50 .34 - IQIS ^ 

>-80167 cub ft. 

*• 29S0 cul» % ds 

(1) The eccentricity from equation (22) fq c » ^ h ^yaren, 

therefore for action (, ) 

•ill X uJO O 

from which by logarithm*, or a slide nile, c-o 00 fL 

o . , > „ (53 75x3.5 81) (53 7.34-35 S3) 

Section (n) e=l joVsW 

=0 70 ft , 

. . (58 75x39 17)(58 754-39 17) 

for Feet ion (in) c= jo'xi038 

=7 21 ft 

The correction to be applied, using the prismoidal formula, ia 
50/^5- .0 9° 850 5 x 670 lj03Sx7J4i oub ft 

3 { 5 “ u 500 + 000 000 / 

= 1120 cub ft =41 5 cub yds. about 

To the lrnpc70idal rule the correction is 
50 Jr, o- r^OOO 2x 850 5 x 0 70 103S X 7 _241 cub ffc> 
o* \ 52 J 5 X COO + 500 + 000 J 

= 1105 7 cub ft =41 cub yds nearly. 

The nbovo correction is added if tho centre of the cuno lies on tho uphill 
m sectional nrcas .1 osamtUo. and f'llmg m at tin. point, and 
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the corrections to be applied per unit length when the radius of the centre bn«» 
of the formation level is 500 ft 

The sidewidth for the embankment portion is by equation (27) 

2 \ 2n) m—n 

— 15+(2+l 5)~=23 75 ft., 

O 

while for the cutting portion by equation (29) 

_6 , / 6 , \ mn 

2 2 \2m ) m—n 


2 

= 15 + (1 5-2) 


20 

8 


=13 75 ft 

The area of embankment by equation (16) 

=H( 7 5 +2) (23 75 +20) -7 5(15+20)} 

=76 6 cub ft. nearly. 

The area of cutting by equation (17) 

“£« 7 5- 2)(13 75- 20)-7 5(15- 20)} 

=31 cub. ft about 

The eccentricity of the c g for the embankment by equation (24) 

=£(23 75+15 - 20)=625 ft, 
and the correction per foot run 

76 6 x 625 . . 

"~500 500 9576 oub ffc - 

ttd d “ “ Cm0aTO «PM «b ol tte dope, and 6ob . 

The eccentricity of the c g for the excavation from equation (25) is 
£ (13 75+15+20) 5= 16 25 ft., 
and the correction per foot run 

= Ac z _31xl625 , , 

500 500 1 cub ’ 

ta&drf «e 0mT8 13 m «“ “PM 6ide of the slop., and mb- 


examples 

alopo of the ground is KSS £ *g* ™ 1 Tie adefing 

slope is shown at each station inthe l^el foSk^iSf, °* 2“ * ailTra y» and the 
plot the longitudinal section to the following scales ? d the ^ of IeveIs and 

Horizontal, 50 ft. to 1 m 
vertical, 10 ft. to 1 in. 

US t ■“» 32 - «» grade 

Plot the plan of thS«f« gSg®* *“*■! section 

q a lor the cuttmg, making an allowance of 4 ft. 
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3 


2 (If of h ) In a certain r.ulw ni cutting the width nl formation lc\cl is 

20 ft ,fh« tud«s of the cutting slope at IMo 1, and the surface of the ground Ins n 
uniform mile slope of 1 in 10 ) ind the lolumc (in cubic feet) of the evcaiation 

between two points 200 ft apart on the centre line, the depth of cutting at the 
first point bung 27 ft , nml ftt the second point 30 ft , while at a point half-wai 
iKtWien the depth is 2(1 ft 

3 If the points m Qiu stum 2 ho on a curie of 1000 ft radius, what would be 
the correction to be applied? 

4. (U ot 1/ ) The base of n railway cutting is 32 ft m width, the depth of 

formation lei cl is 34 ft below 
the centre lino of the railway, 
the side slopes arc 1$ to 1, 
and the surface of the ground 
falls I in S. Calculate the 
half-breadtlis for the cutting 
At a distance of 1 chain 
along the centre line the depth 
of formation level is 2S ft , 
and at a distance of 2 chains 
it is 20 ft Find the volume 
of earthwork to be removed 

5 (ICE) In the sketch 
printed on this page, vou are 
shown a contour map with 
a road 30ft wide marked on 
it The road is to ho made 
with a gradient falling 3 in 
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. ‘ of tho road, and -write down the height of cut or bank at centre of the road 

- every 100 ft from A 

« j ' 0 (U of B ) At every hundred yards along a piece of ground levels were 

, taken , they are as follow s 



. 

Yards 

Reduced Lei els. 

Feet 

» 1 

» i 



0 

210 00 

< 

i 



100 

220 22 

*1 

** 


200 

23149 

«' 

, 

— 

300 

237 96 

i 



400 

240 53 

• 

X 


500 

243 10 

! 

*1 


600 

245 47 

'X 



700 

249 93 

1 

1 i 



800 

250 00 



A cutting is to bo made for a line of uniform gradient passing through tho 
first and last points, namely, through the 210 00 ft. mark and the 250 00 ft. 
mark What is the gradient ? 

Taking differences between the height of formation and the original height of 
surface to the nearest J ft , calculate tho volume of the cutting on the assumption 
that there is a natural side slope of 10 to 1 
Given breadth of formation =30 ft 
«= slope of cutting on each sidc=l^ to 1. 
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Chapter XII 

HYDROGRAPHIC SURVEYING 

Hydrographic Surveying, as the name imphes, is that branch of 
surveying which m one way or another is concerned with the measure- 
ment of a body of water It includes such operations as the deter- 
mination of contour lines under water, the cross - sections and 
discharges of streams, the location of high and low watermarks, and 
the boundaries of lakes, the “ set ” of tides and the directions of 
currents, etc 

Contour hues under water, or “ Lines of Equal Depth,” may be 
referred for engineering purposes to a datum at the mean low-water 
level of ordinary spring tides, or to a datum at mean sea-level, or to 
any other arbitrary datum In this country it is often convement to 

refer to the Ordnance datum (0 D ) 1 

For nautical purposes the mean low - water level is generally referred 
to but it should be borne in mind that this level may vary considerably 
along different parts of a coast ; and although it is immaterial for 
nautical charts, the datum may not be suitable for engineering works 

unless these are of limited extent 

To determine these contour lines, measurements known as soundings 
are taken downwards from the surface of the water to the bed of the 
sea river, or lake as the case may be, and from the spot-levels or cross- 
sections so obtained the contours are interpolated, as explained m 

^For very shallow water and for the mterval between high and low- 
water marks, it is generally preferable to take the 
a dumpy or other level, and an ordinary levelling staff— the staff man 

beil For r deeper water this* method is not applicable, and the vertical 
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be a cup-shaped scoop, or merely a piece of tallow inserted into a 
hollow m the bottom of the weight 

For nautical charts the depths are generally required in fathoms, 
while for engineering works the foot unit, decimally divided, is 
employed 

In a fast-flowing stream or current the boat from which the sound- 
ings are being taken is pulled in the direction of the current, and then 
while a reading is bemg observed, allowed to float freely with the stream. 
The boat is thus carried down stream at approximately the same 
velocity as the sounding line, so that any great deflection of this from 
the vertical is obviated, and a more correct reading is obtamed than 
would otherwise be the case 

Tide Gauges.— As explained above, soundings are the vertical 
distances downwards from the surface of the water to its bed, and as 
the altitude of the surface of the sea or of a tidal river is not constant, 

S ^ 1186 and fa , U of &e tides, it follows that the depth of a 

soundmg at any particular pomt depends upon the state of the tide 
at the time Similarly the surface levels of lakes, rivers and other 
bodies of water vary as the climatic conditions chaige 

oonsequently, to determine the absolute altitude or the d.nfl> „ 
pomt on the bottom mth reference to some S data Stele 

levelling from a i bench marif 7 datum may be W accurate 

it would be^er^SfficStto tbta^tnaT °\ Me f Ug& 18 used ’ as 
exposed scale on account of wav^tT "**** on a su *P le 

mgs nrar thT foot, W ^d welftetow a s , ene ? ol sman °P™- 

cyhndncal or rectangular tube leTd -“to a small 

The oscillations duo to the waves aw^wf a °° Ppe 5 or °* W float - 
comparatively sfceadv mof,„ 65 are b Y means deadened and a 

S eauseadevS™“tSt%lirril a “ *° tha ** 

* d mt r nf„?r;tf Sfe* 


The pcncd hr ra P aZX naI , t °*f e “» °£ the We. “ “° ve 

53-«- the '““^ereucf ofaS P3) v r r St i 0n or other - 

' Tork ° n ce m twenty-four „ 51 a<lr«m, which revolves by clock- 

^ 18 ob ^»ned, of which the vertS oTimt 116 Pap ® r 18 removed 

vertical ordinates are proportional to 
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orimatefl 0 ! scale'of *m°ted by tie horizontal 

upon the actual range of tic tiles h raI SK “ le dcI>ends 

tin*?' th, f I ? eans a record is obtained automatically, and it is un 
necessary to have an observer stationed continuously ^t the gauge 

predecessor >S i'f? ° CCUrS ab ° Ut 12 hours 25 minutes ’ater than its 
predecessor, it is not necessary to replace tbe diagram every dav for 

be records of a *cek or more may be obtained upfn ont paper 

^ ts consist % ery roughly of a senes of harmonic curves, each day’s 

cune being approximately 50 minutes on the horizontal scale m 

ens,™ dintot^S" 8 3 r,!C0^d ■ a " d * he CUr '’ CS Me “""’"““'f 

If the gauge is not automatic, readings must be taken on the scale 
at frequent intervals, and the exact time of observation noted the 
intervals being 5, 10, or 15 minutes or even more m some cases 
From these results, by interpolation, the surface level at any 
particular time may be determined, so that if, when a sounding is being 
taken, the time of observation is also noted, all the depths’ may be 
easily reduced to a common datum. 

Location of Soundings — The next difficulty is to locate the exact 
points at which particular soundings are taken, so that the data may be 
plotted upon a plan or chart 

(1) Perhaps the simplest method is one which is applicable only to 
a moderately narrow sheet of water such as a nver across which a 
tape or a rope may be stretched 

If a general contoured survey of the river-bed over a considerable 
distance is required, a chain line (or a series of such lines forming a 
traverse or a portion of a theodolite or other survey) is set out along 
one bank, ana at definite intervals along this line, and in suitable 
directions, sections are taken across the stream 

The distances along the cross-sections at which soundings are taken 
may be measured either by means of a tape stretched from bank to bank 
and self-supporting ; or a tape suspended by loops from a taut wire or 
other rope , or by means of a rope stretched from bank to bank, and 
marked at intervals of 5 ft (say) with linen or other tags 

The sounding party may take the soundings from a boat, which 
if necessary, asm the case of a swift-running stream, may be attached 
to a second rope, fixed near or at about a boat’s length up-stream from 
the first or graduated rope This enables the boat to be pulled 
quickly into position, and held there without danger 

The method is also particularly suitable w’hen a single accurate 
cross-section of a river is required, and for dete rmin ing the discharge 
by means of a current meter, pitot tubes, etc 

In still water, or in the case of a very slowly flowing stream, the 
second rope may be dispensed with, and the boat sculled into position 

(2) When a lme of soundings is required to be taken completely, 
or only partly, across a nver or other body of w-ater, too wide to be 
conveniently spanned by a tape or rope as m method (I), the directio 
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of the line may be set out on the banks by means of two posts or 
ranging rods A, B, Eig 229 , or if the nature of the banks precludes 
this, by means of two buoys, or of one post 
and one buoy 

The oarsmen are thus enabled to pull 
the boat into such a position that when A 
appears to be immediately behind B, a 
sounding may be taken, or a current meter 
reading may be obtained if required, on the 
correct line AB. 

The position along the line AB may be 
determined 

(a) By a direct tape measurement from B. 

(b) By stadia readings taken from an in- Fro 229 

strument at B on to a staff or rod held m Location of Soundings 
the boat 

(c) By an angular measurement taken, when a signal from the boat is 
given, with a theodolite or other angular instrument stationed at some 
arbitrary position G, previously located with reference to the line AB. 

Thus if x be the perpendicular distance of G from some pomt B 
on AB, and if 9 be the observed angle subtended at G by the distance 
from B to the boat, then this distance y to the position of the soundmu 
= x tan 6 6 

Prom this formula thevaluesof y for the various pomts can be quickly 
tabulated and plotted , or if some other pomt such as A is referred to 
as a zero for the different angles, it may be more convenient to plot the 
positions by means of a protractor, and dispense with the calculations 

(<j 5) By an angular measurement, tf>, taken from the boat with a 
sextant at toe tune of sounding, to some point G already located on 
toe map. Here y=x cot <f> For a short section G might be con- 
veniently marked with a ranging rod 

r a kff ^ ne . of soundings, for instance off the sea-coast, G may 
be any well-defined object in the neighbourhood, such as a flagstaff, 

b church spire, or even a buoy’ 
O. p f. Sound mj. __ and m this case the positions 

/\ a > b, c, etc , might be plotted 

/ • "with a protractor. 

/ : The direction of the line 

/ 9 \ AB 15 determined by any of 

— - — the usual methods from the 

mam chain hue alonsr toe. 

<T ban )^ 

oon r , * (3) A much more expedi- 
te? -30 -Location of Soundings tious method of locating sound- 

1ms if A and B ate the two stations (Pig 230) the positions of 


a. Jz!VS~- c - 


3 

Fro 230 — Location of Soundings 
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easily calc ula ted, after tlie directions of the currents have been plotted 
and the lengths of their paths scaled from the chart 

(4) When the ground near the shore is of a moderately high altitude, 
the positions of soundings or of floats may be located by means of 
observations from one theodolite, the polar co-ordinates of the 
points being thereby furnished. 

The observations would include : 

(a) A horizontal angle or bearing a from some referring object shown 

upon the map, and 

( b ) A vertical angle of depression. 

Then, knowing the reduced level of the instrument axis, and from 
the tide gauge records, that of the surface of the water at the time of 
observation, the horizontal distance may be calculated, eg if the 
height of the instrument axis above the water surface be h feet, and 
the angle of depression be 9, the horizontal distance r from the instru- 
ment station to the sounding or float station is 

r-h cot 9, 


and if this is measured along a line upon the plan having a bear ing of 
a from the referring object, the reqmred pomt is located. 

If preferred, the rectangular co-ordinates with reference to the 
instrument station as origin may be computed, % e 

x=r cos a—h cot 9 cos a, 
y—r sm a=h cot $ sin a. 


t »» ouivojr jo uciug uaratju out on snore, out; ail tl 

operations are being completed from boats, the positions of the sown 
mgs may be located by means of two simultaneous angular observ; 
tions to three well-defined points already marked upon the map 
If no prominent natural obj'ects are available, poles may be erectei 
and their positions determined and plotted by ordinary surveys 
methods from recognisable points on the plan. 

The position of each individual sounding may be located, or as ; 
the previous methods, merely the two end positions of each line . 
soundings. Unlike method (3), the two angles can generally be take 
by one observer, though he may sometimes employ two mstrumen 
to enable him to measure the angles as nearly simultaneously j 
posable, and to read then values at his leisure afterwards. ^ 

« T C P p 0f , ? 0m 5 \ t ^ s method gives rise to the weU-knov 
Three-Pomt Problem, which is also of importance m plane tab 

? t at been deSt with in Chafer XI 

Three-Pomt Problem -Let a, 6, c be the three points upon tl 

tbe , tbree selected objects A, B, and C upon tl 
0 of the°observer Se°boa! 

vSuJa^YoBiTand BCwJ *“ ^ th * ° bse ™ 

The following are a few of the methods ty which this problem mi 
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be solved, though it should be noticed that when A, B, C, and 0 are 
concj'chc the solution is indeterminate, a condition to which the 
expression “ Failure of Fix ’ is applied 

Method 1 (Mechanical) — The most usual solution is obtained by 
the use of a station-pointer (Fig 231) This instrument consists of 
three arms, the fiducial edges of which radiate to a common centre 
the middle arm is fixed, while the two outer are capable of rotation 
about the centre of the instrument, and these two are fitted with 
verniers reading to 1 minute, and with clamp and tangent screw 
arrangements for accurate adjustment 

To use the instrument, the arms are so set by means of the verniers 
as to include the observed angles 6 1 and 0 2 and the instrument is moved 
over the paper until by trial each edge passes simultaneously through 
one of the three points a, b, c on the chart The centre o is then 
marked with a hard pencil or pricker, or rays drawn along the edges 
of the arms are produced to intersect, and the point o thus obtained 
4. similar method consists m using a sheet of tracing paper upon 
which three concurrent straight lines are drawn, to mclude the angles 





“-atahTcit to/vogiiL 


Fic 231 —Station-Pointer 


0 ™d 6 This is moved over the chart as in the case of a station- 
pomtfrf and the position of the intersection point is pricked tkrou 0 

on to the plan • t c^ a V n e d t o am^oneychc, any number of points o will 
sate? tl^oniaons, so that the solution is indeterminate, as already 

Sta Meaed h 2 P ^Snmt.eal) (Fig 232 -Let the angle CBO-ft, 

ABO - ft BCO ■= y, and BAO-. « be obtained by m easorement 

troK&^Lsnm of all the angles in tiro Angles is 

equal to 360°. y _ a=360 -/3-ft-ft-^ say. • ® 

y -360-/3-ft-ft-< lOI ^" a • ‘ ' ' ‘ 

t c« * 

But from the tnangle OBO 

OB_ sin y 

BO sin 8 1 

sin 4>~ a (3) 

OB = BO . • * * 

or 8111 
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and similarly, from the triangle OAB 
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OB = AB 


sin a 
sm 0o 5 


(4) 


therefore from (3) and (4) 

BC sm ^ = AB 
sin 0! 


*. sm (</> - a) = sm cos a - cos sm a — 


sin a 
sm 0 2 5 
AB 


BC 


sin a 


i e. 


or 


sm a jAB sm 9 1 

, /AB sm 0! 
cot a = cosec <f> 


\ 


sm 6 X 
sm 02 


cos a== sm - ^ iBC s!O; + C0S ^1 


2= + cos 

sm 0o 




( 5 ) 


( 6 ) 


from winch a can he deduced as </> is known from (1), AB, BC can he 
measured from ab, be on the chart, and 6 X and 0 2 are the angles observed. 
Prom the triangle OBC 
ft-180-y-fl* 
and from the triangle OB A 
j3 2 = 180 - a - 0 2 
and y—<f> — a from (2) 

Prom these equations 
f3 x , p z , and y can be found 
Again, from the tri- 
angles OBC and OAB 

OC, B0 

sm 0 X 

OB- B ^nr, 

sm d 1 

0 \ _ AB sinfe 

w sm Q z ’ Pig. 232 — Tlirce-Pomt Problem 

The lengths on, 06, and oc can then be set off with compasses from 
the points a, 6, c upon the chart, and o consequently fixed ; or alterna- 
tively, if the co-ordinates of A, B, and C, and the bearings of AB and 
BC, are known, the bearing of CO and the co-ordmates of 0 can be 
easily calculated when y and the length CO are known, and o plotted 
from these 

Method 3 (Geometrical) — Prom the points b and c (Pig 233) 
on the chart, and on the opposite side of the line be to the supposed 
position of o, draw lines cc^ and bb x , making the angles c^pb and bjbc 
each equal to O x (i e. the observed angle COB) Draw co x and bo x at 
right angles to c x c and b x b respectively, and let these intersect m o x . 
With o x as centre, and o x b or o L c as radius, describe a circle 6co. 
Similarly, on the opposite side of ab to o set off angles 0 2 and deter- 
mine a point o 2 , then with this as centre describe a circle abo, cutting 
the previous circle bco m o, which is the point required. ° 
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\ ° 2 )Tm} '£ lso be found b 7 ofi]lcr methods, as, for 

0 mwl nn S 10W ? ° r i°, 2 m 233 # ere was made equal to 
« ami ao 2 drawn at right angles to a y a to meet a 2 o 2 , the vertical bi- 



sector of oh in o 2 ; or, again, the angles cbo x and hco 1 may be constructed, 
each equal to 90° - 0 X , and the angles hao 2 and abo z each equal to 90° 
- 0 2 , and the points o t and o 2 fixed in this way. 

Proof — .Tom oa, oh, oc. 

Then by Euclid III 32, as c x c is at right angles to o x c — a radius of 

the circle bco — the angle c x cb be- 
tween the tangent c x c and the 
chord cb is equal to the angle cob 
in the opposite segment, te cob- 
0 X Similarly, the angle boa = 0 Z , 
so that o is the point required. 

If the two circles intersect at 
an angle, such as that m Fig 233, 
the point o may be fairly accur- 
ately determined and the solution 
is known as a “good fix” If, 
however, the two circles coincide 
(Fig 23d), te if the four points 
a, b, c, o are concyclic, then the 
point o cannot be properly located 
and “ failure of fix ” ensues, as 
any position on the circle satisfies 
the conditions 

In intermediate cases, where the two circles nearly coincide, the 
point at which they intersect cannot be clearly distinguished, and a 

‘‘bad fix” is obtained (Fig 235) . . , ,„ oprlhp j 

As the sum of the two opposite angles of a quadrilateral inscribed 



Fio. 234 — Failure of Fix 
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in a circle is equal to two right angles (III 22), the four points a, b, c, o 
are concychc if the sum of the angles /?, Q 1 and 0 2 is equal to 180°, so 
that if the value of f3 is known 
it can be predicted, when the 
readings 6 X and 0 2 are taken, 
whether the “ fix ” will be 
good or bad or whether it 
will fail altogether, and other 
po nts can then if necessary be 
observed too 

Or again, when the four 
points are concychc, the angles 
BCA and BOA, being m the 
same segment, are equal, so 
that if 8, is found to be 
nearly equal to the angle 
BCA, a satisfactory fix will 
no be obtained, and other 
observation point; should be 
chosen 



Fig 235 —A Bad Fix. 


and 

then 


In the mathematical method (2) shown above, if 

J3 + 0! + 02-180 
y + a - 180 - <f>, 

sin (<f> — a) = sin (180 — a) — sm a, 


and equation (5) sm (^- a ) = ~ sm a S ~h 

2 

hprnmps /'AB sin 0, ,\ 

becomes sm HsTsmT*- V =0 ’ 

from which it is seen that either sma=o,u a = 0° or 180°, 


or 


AB sm_0 1 _. 
BC sm 0 2 ~ * 


a condition which is independent of the magnitudes of a and v 
Method 4 (Geometrical) (Fig 236).— Jom ca Draw cd Ind , 

tect " 8 angleS 02 “* ** ™dkt tho 

o£ *?£+£? ‘ * *\ e ~-»mg cue 

aod = the an<*le acd GIT 9vi v. 0 „ Q oa> °^ } oc * Then the ang 

the circle adco, ‘the “ the — ‘ 

Rl TV> llo TT i-hn a 1 — 7 A . « “ 



the three points adctZ™»r circiebemg described thro 

pomt o, J , ^ ^ctogTIes’ 
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?f^ 2 respectively, with towards c and a, and then drawing parallels 
through c and a to intersect on db mo e p is 

In the case of “ failure of fix ” d and b would coincide, and conse- 



Fig 23C 

quently the direction of the line dbo w ould be unfixed, and the locus of o 
would be the circumscribing circle of the triangle eba as m Fig 234 
Method 5 (Geometrical) 1 (Fig 237) — D aw be, making an angle 
(90 - 0a) with ab towards o, and at a draw ae with a set square per- 
pendicular to ba, 
and intersecting be 
in e 

Similarly draw 
bf, making an angle 
90 - with cb, and 
cf at right angles 
to cb, intersecting 
bfmf. 

Join e.f and 
from b draw bo 
perpendicular to ef, 
when the intersec- 
tion o is the re- 
quired pomt 

Proof . — Because 

Abae and Z.boe a.e each 90° the four points baeo are concycbc 

(Euclid ni 22 converse) , „„ , , , r , 

Similarly because ^ bef and ^ bof are each 90°, the four points befo 

are concycbc 

1 Engineering, voL sevu., Januaiy 10, 1914. 
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But as Z abe - 90° - 0 2 by construction, 

.* Z&-a = 0 2 > 


t e. the angle in the segment aeob = 0 2 , 

.* Z.aob-8 2 

Similarly Z 6/c = 9 X because Z cbf— 90 — 0j, so that as Z &oc is in 
the same segment bofc, 

Z 6oc = 8 V 

i e o is the point required 

“ Failure of fix ” ensues when e and /coincide, as the line ef produced 
may have any direction ; a bad fix results when the distance ef becomes 
so small as to render difficult the estimation of its direction, and 
consequently that of the perpendicular bo 

If 0 2 is greater than 90°, then 90° - 6 2 will be negative and e will 
fall on the opposite side of ab to that shown in Pig 237 Similarly 
/ may fall on the opposite side of be if 8 X is greater than 90°. 

If desired a perpendicular Oje, may be erected at any point a x m ab 
to intersect be in e x , and a corresponding perpendicular cj x to intersect 
bf from a point Cy in be, provided that 


ba , _ bc 1 __ 1 
ba be n 


say. 


Then on drawing bo x at right angles to eyf x , o may be found by producing 

bo x to o so that ^ . 

^ is also equal to - ; 
oo n 

te bo -n bo x ; 

eg li the mid points of ab and be are chosen, ey and fy will be the centres 
of the circles aboe and cboe, and 
as n = 2 bo=2boy The truth 
of this may be easily seen and 
proved from Pig 237 

Method 6 (Geometrical) (Pig 
238) —Let 180° - ( B x + 0 2 ) - <f>. 

On the same side of ab as c 
and at the point b set off an 
angle abf = j>, and at a set off 
af at an angle baf=6 x inter- 
secting bf in / 

Similarly set off cbe—j> and 
bee = 0 a , thus fixing the point e 
Join ea and produce to meet 
fc in o. 

Then o is the point required 
Proof—' The sum of the angles abf and aof*= d, + (9. + 0,) = 180° - 
(0 l + 0 2 ) + (0 1 + 0 2 ) = 18O°; 1 2 

•\ the four points abfo are concyclic. 
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But as the three angles of the triangle abf= 180°, 
and the angle abf — 180° - B x - 9 Z , 
and the angle baf = 6 t by construction, 
the angle bfa~9 z , 

and as the angle aob is m the same segment and on the same chord ab, 

• aob — bfa^9 z 

Similarly cbeo are concyclic and the angle bee - 9 Z , 

. bee = Q l and boo - 9 t 

Consequently, as aob—6 z and hoc = 9 1} o is the point required 
When the points <rf»co are concyclic, Z. abc — <f>, and consequently 
c coincides u ith a, and/ with c The directions of ea and fc are therefore 
indeterminate and “ Failure of Fix ” ensues 

Method 7 (by Calculation) (Fig 239) —When the co-ordinates of 
A B. and C and the bearings of AB and BC are known as m the case 
’ of a traverse or tn- 

angulation survey 
Let A* and A,„ B x 
and B v , G x and Cy 
be the co-ordmates 
of A, B, and C re- 
spectively, pi the 
beanng of BC, oj 
the bea mg of AB, 
and yi the bearmg 
of AC 

Then from the 
triangle ADC, the 
length AC being 
known, and also 
the angles 9 t and 
0 2 (by construction 
as m Method 4), 
DC is equal to 

AC sm 9j 
sm (180 - 9 - 9 2 ) 

and can therefore 
be calculated 
The bearmg of 

CA > 180 ♦ n, and that of CSD is 180 + y. ♦ t, and the co-ordmat* 
of D referred to axes through C are 

JV-CD an (»♦»♦« “ iD ' =CD “ (180 + n+ ,) ' 

and the independent co-ordmates are 

d i =c,+d*, 

Dy = Cj, + Dy 



„ 1 


■ 




4 


t-” 


r_'- - 


i r - - 


» 


} ^ 

i , 

♦ K, 

1 *> 

1 fc 


Is, 

* ^ 


O N' 

} I 

* . 'l« 

>v N 
VS \| 

i^N * 
i V V 
) ' ^ Is 

S: 

> 11 

C'X 


s* 
* V 

» 'O’ 
V 




» “«■ 

tty&ieat 







s 


*« 

* ^ 

V 

/ 

* > 


HYDROGRAPHIC SURVEYING 


357 


Then knowing the co-ordinates of B and D the bearing Sj of DB 
can be calculated ; i c 

Sj-tan-fcD?. 

n ir ~ u y 

The method of course fails when B and D coincide, as 8 = tan -1 q, 

which is indeterminate. 

The bea ing of CD = 180 + y } + 0>, 
the bearing of DC = y 1 + 0 2 , 
and the angle CDO = S 1 -y 1 - 0 2 , 

apaC 0 = DOsm (8 1 p a -^) 
sin 9 1 

The bearing of DO = S x and that of OD = 180 + Sj, the bearing of 
OC=y 2 =180 + 3j + 8 V therefore the co-ordinates of 0 referred to an 
axis through C are 

OC sin y 2 an d OC cos y 2 , 
and the independent co-ordinates 

Oi = Cj; + OC sin y 2 , 

Oj, = Cj, + OC cos y 2 

Discharge of Streams —Occasionally it falls within the duties of a 
surveyor to determine the discharge of a stream 1 

1 Current Meter. — For a large river or stream, probably the most 
accurate result is obtained by means of a current meter (Fig. 240) 

The meter is suspended from a boat, or from some other convement 
position such as a bridge, by means of a chain or cord which is heavily 
ST* 3t “? l0 T- 6r e , nd P rev ent any appreciable deflection in a 
nnrlrt? re +Jf the current, since such deflection renders 

Ef" n p e V^ihon of the pomt at which the velocity is measured 

bSww ^ 0t V ham 01 ° 0ld - “ tton 104 18 A “d ‘I- 8 « 

of tlmnxrpr tt J° T SW ? Cllrrents ’ f mce tie rod can rest upon the bed 
adm^e^lv 1 Z Jh “T T‘ ]? Md “ P os “,on after it Iras been 

’ DeCeS5ai7> ° £ “ We ° r ° otA attached 

upon a ooliai damped to the rod at any reamred 
toght above the bottom, m such a maLer that it is perf“ tly fr™ to 

shown m rL^ 011 * 8 . and *• aotoiSTS £dd£ 

If fir be J t adjusts itself to meet the current 

freedom of mohn? n 18 by ,f 6 T of a cliam or «** there is a certain 
ixeeaom of motion m a vertical as well as in a horizontal nlane • W 

rod T™ r n,™ t ”°„ la I I CT !? ted j* tha s "lPtoon is by means' of a 
upon a horizontal snmrllA 1 b * r a P ro PeIler-shapcd screw mounted 


o , .... nucu muuutea upon a 

<1 ?5&?S=raS3Fi 8tataoneiy OS„. 


( 2 ) 


River y a A ^ogan, H M Stationery Office. 

( m Great R^tam^’ ReP ° rfc ° n Mothods and Appliances suitable for 
‘ Current Meters for use m River Gauging ” 
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spindle and fitted with a number of cup-shaped or conical vanes as 
m Fig 240. which shows the instrument as made by Gurley In the 
latter case the action of the current causes the wheel to rotate in the 
opposite direction to that m which the concavity of the cups faces, 
and by means of an electrical arrangement the number of revolutions 
can be recorded on a dial placed m the boat or on shore In one form 
of the instrument, after every 50 revolutions an electrical contact is 
made w Inch causes a bell to ring and to continue ringing for 20 revolu- 
tions , t e the bell rings during 20 revolutions and is silent for 30 
revolutions 

If the time between one moment of contact and some following 
one be noted with a stop-watch, the number of revolutions per second 
fill mav be deduced , or the number of seconds (0 to complete 50 
v ' revolutions (i c thetimemterval 

from one contact to the nest) 
may be calculated from read- 
ings taken over a more or less 
extended interval of tune 
In another form of meter 
the revolutions of the bucket 
wheel are indicated by the 
sound of a hammer striking 
against a diaphragm — one blow 
for every 5 or for every 10 
^ revolutions The vertical rod, 

TJ to which is attached a rubber 

1 tube and a telephonic ear-piece, 

forms the conductor by which 
the sound of the stroke is 
transmitted to the observers 
car, and enables him to count 
the number of revolutions which 
occur m a given mterval of time 

From the equation of the meter the velocrty of the stream at the 
point of observation may then be deduced ]ut tmg out 

water at as constant a S P , P k being also noted The boat, 
recorded by the meter and the time taken = ^ ater ^ll the me ter 

bein" m rear of the meter. ^ ^ oes no t affect the reading 

bas passed through it, and ,^S the relative velocities of the meter 
From these data are calcul revolutions per second, or the 

andth™ water, ond abo fte a «* - -* 

rC MSe * 

■ — 7 h° at or*”" 



Fig 240 — Current Meter 
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a bridge, as it is the velocity relative to the meter which is measured 
m each case 



Example — The following example shows some of the results obtained by 
towing a meter through still water m the manner described above. 

Table 


Dist 

No of 
revs of 
meter 
wheel 

Time in 
secs 

t=time for 
50 revs 

n=revs 
per sec 

r«=vel in 
ft per sec 

log t> 

logf. 

162 

200 

57 

14 25 

3 51 

2 84 

453 

1 154 

240 

300 

67 

11 17 

4 48 

3 59 

555 

1 048 

273 

350 

70 

10 

5 

39 

591 

1 

245 

300 

60 

10 

5 

4 08 

611 

1 

281 

350 

62 

8 86 

5 75 

4 53 

656 

°47 

240 

300 

46 

7 67 

6 53 

5 22 

718 

885 

240 

300 

41 

6 83 

7 32 

585 

767 

834 


viu ve snows tne relationship between v and n : as this 

is a straight line the equation is of the form 

v=cn + b, ( 1 ) 

where c and 6 are constants. 

Substituting values taken from the diagram such as v = 3 
n — o%l, and v = 6, n — 7 54, we get * 

3 = 3 77 c + b, . . . . ( 2 ) 

6 = 7 54c + 6 . . % # ( 3 ) 

Multiplying ( 1 ) by (2), and subtracting from ( 3 ) * 

6 = o, 

and therefore from ( 2 ) 


. ( 2 ) 

. (3) 


6 = o, 


c= — . = 70fi • 

3 77 J0> 

i e. the equation is v— 796 n 

fcM^7and e ,o1f 0Mh,P ^ ; anii '■ “* <*" ® 

Assuming the equation to curve (2) is of the form »= * where 
t££S," COnStantS ’ thm ^ <8) > whio11 «• a lineThas the 

log U = log Jo — p log t . / r v 

But when log t = o, log u = log &, * ‘ * 

and also _ l°g & - log u , 

* tan 

SSSSSSgfripTc 

of the eo-ordmates is not shown «Xi 
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the substitution of say log v= 4 and log «= 12m equation (5), these 
values being obtained from curve (3) , t e 

4 = log L - 1 2, 
log l = 1 6, 

£ = 39 81 


The equations of the meter over the range of velocities covered bv 
the experiments arc therefore 

v= 796/1, . . (C) 

or «- 3981 m 

or ~T~ 


V,6£4 


«a t: 
»o S 



7 i - Revs per Sec 

10 „ 12 _ & 

t = Time for 50 Revt 

9 10 11 
log* 


Fin 241 — Determination o f Current Meter Constants 


After the calibration or rating of the meter has been ascertained 

the method of procedure is as follows 

The cross-section of the river is accurately determined by means of 
soundings taken from a boat or bridge as already described (^ Method 
1 T> 346) and the section then considered as composed of a number of 
vertical strips each say 10 ft wide At convenient vertical intervals of 

^i^j=rrjff^ss:nsa 

ttat section, and thc total discharge of the stream 

MuS ofthrs wo^k mty be done graphically, and at the same time 
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a considerable amount of information may be obtained regarding the 
distribution of velocity m the section. 

To deduce the value of the mean velocity on any specified vertical 
section line, a curve may be plotted showing the velocities at different 
depths, as in Fig 242, when 

__ area enclosed by curve 
Vmean mean depth of section* 

If the area is determined by means of a planimetcr to be say a t 
sq in, uhen the velocity scale is v ft. per sec, to 1 in. and the 
vertical linear scale is q ft to 1 in , then 


v _a 1 xvxq a,v 

‘'mem 3 Or — 

d l xq f/j 


flj x q a j 

"here is the depth of the cross-section on the plan in inches or d/ t 
the actual depth of the river at that point m feet. This mean veloci 
multiplied by the area of the vertical strip to which it refers, gives 1 
discharge through that strip 

If a vertical line (cd) be drawn parallel to the datum lme ab of 1 
velocity curve, and at a distance representing v m „ n from it. the int. 


section of this lme with the curve of velocities shows the depth or dei 
below the surface at which the actual velocity is equal to the mea 
lhe mean velocity on a vertical section may, as an alternative 
obtained, though not to the same degree of accuracy, by lowering 
meter at a constant rate from the surface to the bottom of the ri 

interval 6 61 ° reV0lutl0ns recorded mth correspond 
Or if it is known from a large number of similar experiments t 
of thedentKif ^ e f mea \ velocit y occurs at a certain proper! 

ratio of d°nth t„ d " s ’ such as the ““tore of the bed 

On the P Severn, banfa ’ * 

242, and the area onE^Ts f IV? tb , e dotted on 5 
S ect,on=“«ili^la/ dmded b ? tba a ™ * the or, 
15 55 sq in on plan" b< 

Example —In F,„ ojo , . 

' f ‘ PW SM 40 1 • «“» represents 7 * 
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When the mean velocity for each of a number of \ crtical sections 
has been determined by one of the above methods, the data may be 





F m 242 , with a line rcpre- 
That is, the ordinate of the 
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curve at any point represents the mean velocity upon the vertical 
section of the river at that point 

Prom this curve the discharge may be obtained by the following 
graphical construction J ® 

Let Ijhl be any vertical line intersecting the surface at k, the mean 



s&LriM ?»4» measared along £ 

completely by 
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It may be proved that the area of this curve, to a certain scale, 
represents the total discharge Q of the river 

Pn/in ncn +,.,onrrlno 7, 7ml nra omillar 


e. 


resents me total aiscnarge y oi tne river 
Because the triangles hmj, hoi are similar, 

lit _ ho 
hj hm } 

hm 

But if the scales of the drawing are 

horizontal scale *» p ft to 1 m , 
vertical scale = g ft to 1 in , 
velocity scale «= v ft. per sec to 1 in , 
hm = x in , 

J v 

'here v mean is the mean velocity on the vertical 7.1, 


( 8 ) 


nd the distance 
hen 


herefore from (8) 


hi y mrvt x depth . t , (9) 

m inches vqx 

», hi to a scale of vqx cub ft per sec to 1 in represents the rate 

1 ts sta e *s • - 

8Q- x depth xSyxp, 

• from (9) 80 -(«*«««• 

By summing over the ivhole SXgel^mSphed 

■SkxS' v sfts; v- ■ »-- » 

w-i- ** 242 7“ " ” " “ 

Horizontal scale, 20 ft. to i in. 

Vertical scale, 5 ft to 1 m 
Velocity scale, 5 ft per see to 1 in 

7u»=l i n 71 m 

- ja xW-w- - « 
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lines for altitudes , a few such lines are shown on Fig 242. The 
following are two of the methods which may be used for their 
determination 

(1) The values of all the “ spot ” velocities may be written upon the 

cross-section, and the lines interpolated as described m Method 2 

p 175, or ' 

(2) The position on each vertical at which any particular velocity 
occurs may be found from the curves which show the distribution 
of velocity in a vertical plane. This method corresponds with Method 
1, p 174, for contours 

From the areas enclosed by the various velocity lines, by the applica- 
nt? 16 pnsmoida formula (Chapter XI ), the discharge of the river 
might be computed, but this method is seldom if ever employed 

mohcs °”' ! ' os,,d by the ”>*** 

5 ft per sec curve 2 61 sq in representing 261 sq it 

fi :: ns! ;; Tm 

2 $ ;; .. i3io 

2 ” 15 06 ” }s06 - 

Whole section 15 55 ” 2555 ” 

Applying the pnsmoidal formula to the nnrfmn fmm o xj. . * - 
the partial discharge is portion from 2 ft to 5 ft per see.. 


3 


I{(261 + 1506) +4(598 + 1183 + 1442) +2(944 + 1340)) 
=3204 cub ft per sec 


orar alinostall the reohon, The 13 at ,oast 1 ft P" « 

i (I65S+4 ( 155 5)+1506f-3084oub It per see 

upo^ZZ^W tTS SAX * b \^“n °f velocity 

upoha honzonteUeotio’n^Bft b^loivVe slSe. Te,oclty 1 ««• 

the «*. 

vertical curves may be employed ie th.iol, 0 Same f* et , 10f f as for the 

the field notes and plotted^directly Tf? ma y be abstracted from 
are made at definite * he observations 

nver it may be more convert, ZeSf t bed of 

aa m levelling, ffi “ ! be “» »£5 

year studert/of a?UmtL 2 ityo°f n R,^l!wl ° btamed by *>“ fourth 
«“« experiments at Ariel onTefen S?” *“* «» 
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2 Pitot Tubes 1 may be employed to ascerfcam the velocity at 
various points of a stream, and the same methods of calculating the 
discharge, or of dete rminin g curves showing the distributions of 
velocities m a cross-section, may be adopted as when using a current 
meter 

3 Floats — A very important method often adopted for the 
determination of the discharge of a stream is that which mvolves the 
employment of floats 

Floats may be grouped under three headings . 

(а) Surface floats, 

(б) Sub-surface or double floats , 

and (c) Rod floats 

(a) Surface floats are small pieces of wood, cork, or other material, 
which project slightly above the water They should be sufficiently 
distinct to enable an observer on the banks clearly and easily to locate 
the course they follow, but otherwise they should be as small as possible 
m order to minimise the eflect which the wind may have upon their 

Pr °S SS upstream wind considerably retards the velocity of surface 
floats, while a downstream wind increases it, so that unless the weather 
is favourable very misleading results may be obtained 

The mean velocity on any vertical section may be obtained from 

the formula 2 

m «v-|vh*, . • • • (io) 

where w=mean velocity m ft per sec , 

V= surface velocity m ft per sec , 

K-3C2 of fte stoam IE! pect.veIy, 

„ m upon an, vertica. — 

is about gy (11) 

i -u rv. Trier 942 the area enclosed by the surface 
velooltfcTe^Tm on® the plan, while that enclosed by the 

from velocity curves similar to those at (1), W, W. I >’ 
intervals across the river 6 42_ RRP - V 

The ratio m this case was therefore 72 6~ the 

(6) Sub-surface floats yield a reS ai\bort t dStance 1 beFo e w the surface 
Jas the main float is ^ a fine wire 

by ”5S a ena ^l es ^e m0 ^ 10n °b serve ^ 

tom the shore or oto —nt j-*- fcom tLot of *. stream 
The velocity is then very m t to , P «u 

1 Hydraulics, F 0 ke a » P 
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at the depth of the lower float, since the resistance offered by the small 
float and the cord is made as low as possible 

In this manner the velocity at any depth may be ascertained, and 
the mean velocity calculated from an equation such as that of 


Cunningham : 


u-J{V + 3V,), 


where V, is the velocity at |ths of the depth. 


Or if the velocity is determined at half the depth the mean velocity 
may be taken as 

J 98Y , 


while for 6 of the depth the mean velocity is approximately equal to 
the observed velocity 

If the depth of immersion is small, the result is practically the same 
as the surface velocity, whilst there is less danger of error from wind 
action 

Sometimes the two floats are of equal size, when a mean between 
the surface velocity and that at the depth of the lower float is obtained. 

(c) Rod floats give better results than either of the above types, 
provided that the stream is of fairly regular cross-section and the bed 
is not choked with weeds 

The rods are of such a length that when weighted at the lower 
end to give the required depth of immersion the upper end projects 
above the surface of the water and may be observed If the lower 
end is carried down as nearly as possible to the bed of the river, the 
velocity recorded is approximately the mean velocity on the vertical. 

To ascertain the velocity of a current by means of floats, it is 
necessary to determine the exact length of the path followed by the 
float during an observed interval of time 

For tidal currents the method explained on p 347 may be resorted 
to, and m this way a senes of points may be located by simultaneous 
theodolite or sextant observations made from two instr ument stations 
on the shore, or m other suitable positions , for instance, if more 
convenient, sextant observations may be taken from two boats, them- 
selves located by the “ Three-pomt ” method. 

The path of the float may then be plotted upon a chart, the length 
between specific points of observation, eg X and Y, determined, and 
tne mean velocity calculated; i e. 


r* 

where t is the time in seconds which was observed to elapse betwi 
the passings of X and Y by the float p 

To determine the discharge of a stream by means of float obser 

° f f 2 °° ?• ° r more » “d a 

(ftflr and D ’ set ™t on the same or on opposite bai 

sSe S am frL AR hom a boat 50 feet or more , 

5K stop-wlL ** toe ““ to *“"« AB to CD nol 

If the rate of flow is small, the instants at which AB and CD i 
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m Smtavd n0te<1 br °“ 0bsmer ' Wh0 moy walk from AB to C® 

MO If ,, tlie , rate of flo ™ ls . lar fl e > tIus ma y be impracticable, m which 
case the observer with the stop-watch may be stationed at AB and 

rP^SiM PH™ 6 °! ?f nsit of himself, while the instant the float 

tottffa* ob“™ 7 a observer at CD - and “S-^ b y J™ 

The path of the float on a straight length of river is generally 
assumed to be a straight hne between AB and CD, so that the direction 
and length of the path may be determined, if the positions at which 
tiie float crosses these lines are observed 

An instrument station is chosen at some suitable point G, and its 
position relative to ABCD ascertained by any ordinary surveying 
method 6 

If a theodolite is employed, the vernier of the horizontal scale is 
clamped at zero, and the telescope directed to some arbitrary referring 
object such as B, and the lower axis clamped 

The upper clamp is then loosened, and the motion of the float as 
it approaches AB is followed with the telescope until a signal given by 
an observer at AB indicates the moment of transit The scale plate 
is then clamped and the angle 0 read, and from this data the position 
of the float may be plotted on the plan either by means of a protractor 
or by co-ordinates as explained on p 348 

The position at which the float crosses CD may be located m a 
similar manner by an observation from a second instrument station 
G x , or if the velocity is sufficiently slow the second station may be 
dispensed with, and the reading on CD noted by the same instrument 
man at Gj after the reading for AB has been boohed 

It is not always necessary, however, to use a theodolite, as sextant 
observations are capable of yielding very good results In a suitable 
climate the positions ABC, etc (Fig 243), may be plotted directly on 
the plan by means of plane table observations, and this method is 
very expeditious The plan is made in the usual manner (Chapter IX ), 
and the lines AB and CD shown upon it The instrument is set up 
at a convenient position G, the corresponding point plotted on the 
paper, and the table oriented The float as it approaches AB is followed 
by the telescope as m the case of a theodolite, the alidade rule being 
rotated about a pin which marks the position of G upon the plan, and 

which acts as a pivot . _ 

At the moment of transit, signalled by an observer at AB, a ray 
is drawn through G to intersect AB on the plan at the required point, 
and without loss of time the telescope is redirected to observe the 

Cr °ES°pomt on the plan is numbered or lettered as it is located, m 
order that the results may be combined afte wards with the time 
observations taken simultaneously by other operators . 

b To proceed to calculate the discharge of the river a cross-sectio 
at an intermediate position EF is determined by means of sounding 
and plotted as m Fig 243 
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HYDROGRAPHIC SURVEYING 36S 

By joining corresponding points on AB and CD the positions at 
winch the float crossed EF are found, and the mean velocity at these 
points may be calculated, as already explained, from the observed 
surface velocity 

By plotting these values, a mean velocity curve may be drawn, and 
from the corresponding discharge curve the discharge may be com- 
puted as shown in Fig 242. 

Example — The area of the discharge curve on the plan (Fig 243) was 12 88 
sq in , so that the dischargc=12 88 x 20 x 5 x 5 x 1 =0440 cub ft. per sec 

where the horizontal scale =20 ft to 1 m 
„ vertical „ =5 ft to 1 m 

» velocity „ =5 ft per see to 1 in. 

»» fcm =1 in. 

91 “™, y compared with that obtained with the current meter (Fig. 
^)» 1 c 635o cub ft per sec — the difference being only 1 34V. ® 

.. 1 he fact that a down-stream wind was blowing at the time would tend to make 

4 An ingenious method for determining the surface velocity has 

nWdTf St t by found that if two projections are 

Fj; d ? t fjream, ripples are formed, and for any constant distance 
(d) apart of the two obstructions, the surface velocity may be deduced 
from the length (Z) to the junction of the two ripples, i e 

v = c + al, 

where c and a are constants depending upon the value of d vis the 
velocity m feet per second, and l is in inches ^ 

Thus if d=4 in the formula becomes 

«= 40 + 280Z, . . Q2) 

while if d — 6 in the formula becomes 

»*= 40 + 206Z (13) 

- - 

Example When <J=6 in and 1-2 h in , , 

end nhen d- 6 m end fc*i. , £,* S' ff 

constructing a rectanguSr we? and?^ resul S be obtained by 
a me K |ich is 5* ~ 

edge, and ha^nfaTee ovlrfa^ so tS £ feet ’ Provided with a sharp 
the air, and doe's nTchn^toths d ? ei, W freely into 

be calculated by means oi] Francis’s formula* 31 * 1 Slde ° f *** Weir ’ ma ^ 

Q = 3 33 (L - 0 1NH)H J , . n4) 

\ GB Vcl cKv ” V 217 * { ) 

on Hydraulics -for MnJ°7^J^ 7 b * h f c” S, chapte^u 0 ‘ 8tandard work 

2b 
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) 



K 


where Q is the discharge m cubic feet per second, 

L = the length of the weir in feet, 

N = number of side contractions. 
eg. N = 0 if the weir is the full width of the channel, or 

= 2 if the weir is less than the full width of the channel, 
and has two sharp vertical edges 
H = Head of water in feet, measured at a short distance up- 
stream, above the sill of the weir, which should be as high 
as possible above the bed of the stream 
If the stream itself, as it approaches the weir, has an appreciable 
velocity v , the formula must be modified, i e 


Q = 3 33 (L-01NH)[(H + £)?-#}, . (15) 


where 


i - 1 
2g 



The head H is measured at a short distance up- 
stream from the weir, on account of the curve 
adopted by the surface of the vem as it discharges 
over the edge 

The most simple method is to fix a graduated 
scale upon a post, driven into the bed of the stream 
near one of the banks, and notice the reading on 
this which coincides with the surface level of the 
water If the reading which corresponds exactly 
with the level of the bottom edge of the weir is 
known, the “ head ” at any tune can be found by 

subtraction , , , 

A more accurate result is obtamed by the use 

of a hook gauge, one form of which, by Messrs 
Gurley, is shown in Fig 244 This device consists 
of a hollow rod graduated in feet, tenths and 
hundredths, and carrying at its lower extremity a 

vertical sharp-pointed hook , , , 

On the metal base frame, which is bolted 
through the elongated holes to a timber or other 
support, is fixed a vernier, which enables the scale 
to be read to thousandths of a foot 

To take a reading with the instrument, the 
clamping screw show m the figure is loosenedand 
the rod Raised until the point of the hook approaches 
the surface of the water from below , the clamp 
then tightened, and the upward motion contmu 
by means of the fine adjustment screw ^tdrte 

on the surface film of tHe ware 
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the 1 ™ J 1 of 

fsrrn^^ 

holes or pipes well below the surf*™ vf 5 through a number of 
readings may then be obtained * accurate and consistent 

±3 “M” * «V instant, 

in a tide gauge, though in this case it £ c ^ am ^ er » exactly as 

the vertical movements of the float in mvW + ° fc ^ J ec f ssar Y to reduce 

. , K * * not necessary to so reduce tZ ?hfS°1 them ° n a *«» 
balanced by a weight to which it is a ttJhLrk fl ° at may be c °nnter- 

mET a puUe7 - Md ae *— 

S-S^ M"°Xs r 

''■“' 0 S ° “““ th® are two end 

Q Io f (3 ~ 2xH)H3 eu ^ ^ Per sec 
«3 33 x 2 mxlIZclb “ft plZT 0 ' ^ 10 26 “ " 855 ft > 

io;r 3 r“ x60 x 625 ^-- 

•» 2 829 =^45162 
» 855* = 189795 te *y?«„ Q ~ r 

„ 60=177815 S W=,Xl8JW 

,, 6 25 = 79583 

3 44.604 -log 2792 8, i e. 0=970 q „ 
or by means of asMernleQ n^^End „ r ° r ”’ m — fc 

v«y h 3 gh, say 4ft perSojri 9UeStl0a * hen the velocity f 

Prom equation (15)' velocity of approach is 

Q-333x(8-2H)fftt + »?\*_/^xn 

000 U %/ j cub ft persec< 

*=3 33 x 2 829{( 855+ 25)? -r 2 51 ? i v , 

“3 33 x 2 829 x (1 I6i4_ l ft * per seo - 

££ H "“^S and the 

a the notch has sharp edges and the “ ^ ” 

g ond the ape* be situated well above 
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SURVEYING 


the bed of the. stream, then if the vein has a free discharge the quantity 
may be computed from the formula 6 y * 


g Q 

Q = ii n> *\J 2 (j tan n H ! » 


where Q = discharge in cubic feet per second, 

n = an experimental coefficient allowing for the contraction of 
the vein, etc = 59 or 6 about, 

6 = the angle at the apex of the notch, 

H = the head of water m feet, flowing over the notch, measured 
upwards from the apex 
Thus for a 90° notch 


Q = 2 535H* 


If the velocity of approach is considerable (H + 7i) must be substi- 


tuted for H in the above formulae, where h — a ^,a being a coefficient 


often taken as unity, though probably of a slightly higher value and 
v being the velocity of the stream itself before it reaches the notch 


Example — Calculate the discharge over a right-angled V notch, when the 
head is 10 26 in 

Here Q=2 635 (^^) ?==2 535x 855? cub ft persec or2 535x 855' x 

60 x 6 25 galls per nun. 

=642 6 galls per nun 

Had the velocity of approach been 2 ft per sec , 

O 4 


Q=2 535 x( 855+ 0625) 5 , taking A=^=l= 0625 


=2 535 X ( 9175)’“ x 60 x 6 25 galls per nun 
=766 5 galls per nun 


7 There are several other methods which may be employed to 
determine the discharge of a stream, but they are hardly suitable for a 
Surveyor One method suggested by Mr Stromeyer consists m adding 
to the stream a definite quantity of some chemical such as pure sulphuric 
acid, and then at a lower point on the stream ascertaining the amount 

of dilution from a number of samples 

Mr Stromeyer claims that the discharge may be determined within 
l%rf iteSe value by this method For further details the reader 
is referred to his paper m the Proc Inst C E vol clx. 


EXAMPLES 


1 (U of L ) Explain carefully the method of gauging the flow of a stream 
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0 ft wide and 3 ft deep, is found to be 3 5 ft. per second , using any approximate 
formula, deduce the mean velocity of the stream, and hence determine the 
quantity of water flowing down the channel in cubic feet per diem. 

2 In rating a current meter, the following results were recorded : 

Distance towed in metres 67 0 58 0 69 0 60 25 

Time in seconds 1 m 40 s 2 m 30 s 3 m. 20 s 4 m 37 5 s 

Number of intervals! _ _ 

between contacts / 0 5 6 5 

Deduce the equation for the meter, withm the range of velocities tried 

3 A river is SO ft wide, and soundings are taken at the centre of each 10 ft 
of the width The depths are 3 2, 3 65, 4 4, 4 9, 5 6, 5 35, 4 05, 2 5 ft , and the 
mean velocities on these sections are 1 4, 2 05, 2 58, 2 84, 3 12, 2 90, 2 00, 1 2 ft 
per sec Calculate, without plotting, the approximate discharge of the river. 

j°j j t “ e , aa * ie °* comparison, plot the section and the mean velocity curve 
and deduce the result from a discharge curve 

4 Calculate the discharge m gallons per hour over a sharp-edged rectangular 
weir having a length of 10 ft , when the depth of water over the sill is 1 08 ft 

Assume (a) that the velocity of approach is negligible. 

Assume (6) that the velocity of approach is 2 ft. per sec 

abofo tKta » <te, ” eh a 90 ° V n0lch ’ *>■“ a* of water 

sai^teE ‘2! B° SS'craS.! 1 b0! “' "itt a 

The angles AOB and BOC were found to be 50°-56' and 27°-23' rcsnectivolv 

S?Cmea 0 s3 and BC as 660 feet, while the aS 

A^C measured !63 -18 What were the distances of O from A, B, and 0 respee- 

estimry^ust above^ ugtwaSrSf at Ae follo^gtoKbtamed ?” ° f “ 

JJ f 8 9 ft long, 122°-15' azimuth 
BC, 511 ft long, 100°-I8' azimuth 

*> -ztiz nr p-w 

remamder at 180-ft intervals alone ABO , th ® P oult A > and the 

given in the accompanying table as also the X £ a [ i fclcular ? ° f the soundin gs are 

“ 0£ tbo Mo 

rr M *— * « — 

pmlldto ABCm°a b ]°oo“J t sematdsof ft* of soundings, rnniung 
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8 (U of B ) An observer taking soundings from a boat 0 wished to locate lus 
position, and measured \utli a sextant the angles subtended at 0 by three points 
A, B, and C on the shore The lengths of AB and BC, scaled from a map, were 
658' and 720' respectively, and an angle ABC was 105°-30'. The observed angles 
AOB and BOC were 40°-15' and 34°-15' respectively 
What can the observer deduce fiom these figuics ? 
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Chatter XIII 


TRIANGULATION 

In Chapter I. it was explained that the principle of a simple chain 
survey is triangulation, the country to be surveyed being covered with 
a skeleton framework of triangles, the three sides of each of which 
are determined by direct measurement 

Sim larly the principle of an ordinary plane-table survey is triangu- 
lation, each point being located by means of a triangle m which the 
base is known (bv direct measurement or otherwise), and of which the 
two angles at the base are measured and plotted graphically m the field 
However, neither of these surveys is classified under the heading 
of Triangulation or Tugonometncal Survcvs. ° 

Trian^ation Survey^are Jthosejiu which thejudes of the various 
Wangles are ascertained by. calculation from (a) jusmgle,.base..Jine 
measured-directly, -and^from (b) tbgjbhree.. angles _of„ each .triangle 
measured with a -theodolite or similar^instrument 

Hot less important work only two angles of each triangle are 
measured directly, and the third angle is deduced by subtracting their 
sum from ISO , but wherever possible it is advisable that all three 
angles should be observed 

■tteiueot object of a tnangulation or Trigonometrical Surrey: is 
St**?™*- a plan-showing, detail -and. topographical 

* ° £ -^oinL^.the 

ZSlT!lt O n a “ U iS a0y mth a-luel1 tie Ielatlve positrons of these 
L“ be m®toned P ^ -oongst which 

plaS^to^epolucer' 67 “ d ^ " b *° wluel >**4 

for S7- the - there 

of given magmtude^n the Sur^X apI>re0iable “ «« 

bus, a displacement on the paper of ^th of an inch, which is 
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378 SURVEYING 

about as small a quantity as can be easily plotted— represents an error 
of 5 m in the field if the scale is -j-^, or an error of 25 m when 
the scale is -v^Vc 

(2) The (mie and funds available 

(3) The purpose of the map 

Filling in — When the trigonometrical points have been located, 
the topographical and other details are surveyed by means of one or 
other of the methods described in the previous chapters 

These subsidiary surveys — e g chain, traverse, plane-table, stadia, 
or other surveys— are conducted between the various points, which 
form checks as to their accuracy, prevent errors from accumulating, 
and provide data for their adjustment They may be carried on 
simultaneously by different parties at various points upon the survey 
Procedure —The first step is to choose a suitable position for the 
accurate measurement of a base line, bv one of the methods described 

in Chapter XIV. , . . , 

The method to be adopted depends upon the degree of accuracj 

which it is desired to attain, and upon the extent of the survey which 

is to be developed from it , , . . 

The site should be approximately level, evenly sloping, or gently un- 
dulating and as free as possible from obstructions, in order that a hue of 

ssfISSs 

S 8 ^tfo7po“ for the apices of the vanons adjacent tnang.ee 

° £ STons having been footed £«-*«• “ £ 
“hr^:»S^oXAn,pp 105 and 106, 
being resorted to for the more F^^® positions suitable for tngono- 

WI1 (l) e 3^e'tnangles formed with the adjacenUtations^should be wdlajn- 

ditioned (see p. e ^ a Xieshonldhelcssthan30°ormorethanl20 

manycase no angleof a triangle snouiaoe be ^ 

In the preliminary violated , f 

advantage, to ensure tbat such eo^iti fe ^ ^ th adjacent 
(2) Each station should be clear y such as lull-tops are 

stations Consequently, comma S 5 however, that the stations 

Imerally very mutable Caremust betaken ,ho- <v . p„graphy 

§£^S£s&as= 

by resection (see Chapter IS ) 
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TRIANGULATION 37S 

(3) Tlie length of sight should be neither too large (when the signal 
may be too indistinct for accurate bisection) nor too small (when 
errors of centering and bisection become appreciable, the triangles too 
small to be economical, and the magnitude of the cumulative errors 
liable to be excessive). 

The length of sight to be adopted in any particular case depends 
to some extent upon the magnitude of the survey, and also upon the 
instruments available. It is also largely dependent upon the nature 
of the country 

In a flat country for instance, a very long sight cannot be obtained 
owing to the effect of curvature, unless elevated signals or beacons are 
employed. 

Sometimes on an extensive survey, m addition to the use of elevated 
signals, the instrument is raised on a scaffold to a considerable height 

o?S forSe”tem r . thla ““ “ mdependent Bca£Eo!d B ®” all 7 

si pli Countr y generally possible to obtam much longer 

be got on the pi 

tiveexpensem the erection J/ \ 

of towers and beacons 
_0n the Indian tnangu- 

lation, for instance, the /IK 

average length of side m \ // \\ 

the hilly country was 30 /\ /Kl/ V yAA N. 

miles, while on the plains / \ /\ — — lS/\ ( 

the average was about 11 \ / \ A \ ) 

miles only rv — 7 v~ V \/ Y 

In the Secondary tri- \ |)\//\/ 
angulation chams in the V/ 

Himalayas sights as long V^/i\ 

as 200 miles were obtained \ II \ \ A rr 

(4) The expense m the y/ — W \jf yT 

erection of elevated scaf- ^ 

folds, beacons, etc 1 

(5) The amount of cut- V.,. -£ $ miles 

tmg and clearing necessary ^ „ 45 v , ' 

to remove obstructions -45 —Portion of Tnangulatxon System, 

from the line of sight. Surrey of Malta 

!?! Thl ^ lfficuIfc y or otherwise of access to the station 

Item ofSSbonL ™ 36 01 tte Statl0n - 

ema11 ‘Wapkcal or photo- 
covenng the whole are a P XVHI fe of a network °f triangles 

Island of Malta^FiJ^S^t^base^ r instance, on the Survey of the 
system k g ^ )} tbe base ^ be ^g near the centre of the 

1 Vide A Treatise on Surveying, by Middleton and Chadwick. 
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TRIANGULATION 381 

(6) On the Indian, French, and other surveys the whole country 
was not covered with a network m this way, but chains of triangles 
were run in directions approximately along and at right angles to the 
meridian 

On the Indian Survey, for instance, one mam chain ran almost due 
N. and S from Cape Comorin to the Dehra Dun Base in the extreme 
north, while another parallel chain ran N. from Mangalore. 


(a) Simple clmm 
of triangles, suit- 
able for secondary 
or less important 
systems 


(a) 
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(c) Quadniaterah 
or interlacing tri- 
angles 
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Karacto to' Kins? \ ? eve * al ckuns > e 9 ^ngalore to Mad! 

from Calcutto l fn p a ’ et £’ whlle o^er chains ran doA the East Co 
India Ul ta t Cap ® Comorm ’ and down the West Coast of Furti 


i 

above ways (Fig 247) 







o — 


Fig 245 
Fig 246 


is taken from the tnangulation of Malta, 
is taken from the tnangulation of Scotland. 
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Portion of Main Triangulation S 3 stem of the Trans- 
vaal and Orange River Colony Surve 3 


Fig 248 is taken 
from the triangulation 
of the Transvaal and 
Orange Eiver Colony 
Fig 249 is taken 
from the triangulation 
of India, to show the 
practical application of 
the theoretical forms m 
Fig 247 

Nomenclature — On 
the Ordnance Survey the 
first framework of tri- 
angles set out over the 
country constituted the 
"Principal” or “Primary" 
triangulation These 
large triangles m turn 
formed the basis of a 
system of smaller tri- 
angles which constituted 
the "Secondary” triangu- 
lation A further sub- 
division resulted m the 
"Tertiary” triangulation 
(seep 385) 

On the Survey of India, 
also, the same terms are 


me same terms are 

applied , the governing chains being known as the “Principal” or “Prim- 



Fig 249 — Portion of Mun Triangulation System of the Survey of Jndia 
ary”chams,and the subordinate as “Secondary” and“ Tertiary ’’chains 
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In many places, however, the terms “Major and “Mmor have 
been adopted, eg on the Orange River Colony Survey, or Major, 
Mmor, and Tertiary on the East African Protectorate Survey. 

Generally “Major” triangulation corresponds to Primary or 
Principal triangulation, but is usually not quite so elaborate or precise. 
Minor triangulation then corresponds to Secondary or Tertiary triangu- 

lation Topograplucal ^angulation is usually of limited extent, and is 
not necessarily based upon a Primary or Major system It would 
generally be quite independent and be of the third or fourth order of 
precision (see p 400) 

A Geodetic triangulation is the term applied to a very precise system! 

m t i Ilf j! - am a wnwrliOTl f 


as a whole 

Signals, etc-— For short sights, eg. on a small topographical survey, 
the station is preferably marked by means of a ranging rod, the lowest 
visible .point of which is bisected by the 
cross-wires of the theodolite To avoid 
errors 1 which may be introduced when 
the rod is not exactly vertical a plumb 
line is frequently used 

This may be suspended from a tripod, 
or from a single ranging rod placed in an 
inclined position over the peg as in Fig 
250 The height of the bob is regulated 
by means of a sliding knot near the top of 
the strmg, or preferably by twisting the 
string a few turns round the hook from p, G 250 

which it is suspended The pomt of the 

bob is brought exactly over the station point marked on the peg or 
pillar, and any pomt on the string may then be sighted 

For large surveys more elaborate signals must be used, as, to be 
clearly visible, an angle of 2 to 4 seconds should be subtended by the 
signal, at the instrument. 

A rope, weighted at its end, is sometimes suspended from a tripod 
formed by three stout spars lashed together, and the rope is pamted 
in white or other colours, depending upon the nature of the back- 
ground 

When the rope itself is not sufficiently distinct, a symmetrical 
signal is occasionally fixed on the rope. This might be a light frame- 
__ work of wire covered with white cloth 

On the Totley 2 tunnel alignment a 1-moh diameter blackened tube 
was suspended on a fine steel wire heavily weighted 

On the India and other Surveys, for short sights, a stafi held m 
place by guys or stays if necessary, and carrying a symmetrical bundle 
of grass, brushwood, etc., was used 

Signals are also formed in the shape of Tripods or Quadripods 
1 Sce Exam P lc3 ' p 08* * Proc. Inst GE vol cxvi. 






and 
central 
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covered 5 mth t'bntob, c™' 7 lash “l togetber 

Luminous signals are J?jr y “ eans of stays 
triangulation surveys generally used now upon Geodetic or Primary 

to bo b, sooted, when “1 Ch *"> <*)« 

anco of a bright star g be telesco pe, having the appear- 

succeeded by Argand bmylffumSi^vith ' rere . "f®*" and fee were 
On the Indm Bnmy "feta 

m p S”K TS&SSZ?* Sw-t'B 

Electric hghts have also been emnloved pn , n 
connMtmg the trmnguhtion of Spam wrth’tJt of 

The permanent mark which defines a station 
point is often fixed below the sighting si^al after 
this has been erected, as it is much eaS to do 
this than to centre the beacon accurately over a mark 

EtahK T1 t e mark 18 USUa117 sufficiently 
up above ft the Jnstrument to be conveniently set 

When a central mast is provided to a tripod or 
quadripod beacon, it is sometimes pivoted so that 
it may be pulled aside to afford a clear space for the 
instrument 

When it is necessary that the instrument should be raised to a 
considerable height above the ground, a scaffold or staging must be 
erected The instrument is then centered over the station point by 
means of a long plumb line, protected from the action of the wind by 
bemg enclosed m a narrow vertical trough or tube, having one side 
open Ilns tube can be turned so that the open side is to leeward of 
the wind 

In such a case, a separate staging must be erected for the observer, 
and this must be entirely independent of the instrument scaffold 

On the Canadian Survey a portable erection built up of angle irons 
was employed 


Fid 251 

Qundnpod Beacon 


The mark defining the station pomt should be of a permanent nature 
Sometimes a masonry pillar is erected and a mark made on the top 
surface by inserting a metal plug if sufficiently high, the instrument 
may be set up on the pillar itself, and the tripod dispensed with 
Often two marks are adopted, one upon a slab of stone at some 
distance below the surface of the ground, and one at ground level, 
the latter often being protected by means of a cairn of stones When 
stone is not available, concrete is frequently employed 
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In the Ordnance Survey 1 of Great Britain and Ireland, commenced 
by General Roy t the first base to be measured was that on Hounslow 
Heath in 1784, the pre limin ary measurement being made with a 100- 
foot steel chain Later, seasoned deal trussed rods 20 ft 3 m. long 
were used, but, owing to changes in length due to absorption of 
moisture from the air, this method was considered unsatisfactory, 
and glass rods were next resorted to In 1791 the base was again 
measured with Ramsden’s steel chain (p 404) and the apparent length 
corrected for temperature and reduced to mean sea level Ramsden’s 
steel chain was also used for other bases at Misterton Carr (1801), 
Rhuddlan Marsh in Flintshire (1806), Belhelvie Sands m Aberdeenshire 
(1817), and King’s Sedgmore in Somerset The mam bases, however, 
were that on Salisbury Plain (1849) and that on the shore of Lough 
Foyle in Ireland (1827), and these were measured with Colby’s com- 
pensation bars (p 404), though the Salisbury Plain Base had previously 
been measured with the chain m 1794 

Upon these two fundamental bases, the one 6 93 miles and the 
other 7 89 miles in length, was set out a network of primary triangles 
The difference between the measured lengths of the bases and their 
lengths as computed through the triangulation system was 0 4178 ft , 
and this error was distributed — 0 202 ft to the Salisbury Plain Base 
and + 0 216 ft to the Lough Fojde Base, to give the equivalent of a 
Mean Base The remaining bases were regarded as bases of verification, 
including the Lossiemouth Base (p 399), measured later (1909) with 
invar tapes (p 423) 

The angles of the primary triangles were observed with the great 
theodolite of Ramsden, 3 ft m diameter, the telescope of which had 
a focal length of 3 ft and a magnifying power of 54 There were two 
such instruments, m addition to one of 2 ft diameter, and one of 1 ft. 
® m, diameter. Each was furnished with two verniers 
, /V ie average length of a side of a primary triangle was 354 mile s, 
butthe largest was 111 miles from Sheve Donard to Scaw Fell 

lhe mam or primary triangles were subdivided into secondary 
triangles having an average length of side of 5 miles , many of the 
secondary station-points were fixed with the large mstruments, while 
triangles were being set out , others were located inde- 
pendently with a 12-m theodolite Similarly the secondary triangles 

Ide ofnbmF^ i P “f 0 t ? rbaxy t " ian ! les ta vmg an average length of 
<> 4 miles, 7-m and 5-m theodolites bemg employed 

Smaller surveys were then conducted between the various tertiarvtn- 

prismatic compass On other surveys the plane table is larxrelv 

33 ed) and detai l surveyed by stadia observations but these 
methods were not ad°pte d on the Ordnance Survey of GrS Brito 

was 2 IT hi^diaiST 13 andG f detl . c Surv ey the great theodolite 
On the feat Trigonometrical Survey of India the theodolite, 
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3 ft. and 2 ft m diameter, were furnished with five equidistant micro- 
scopes each reading to 1 second of arc 

Observation of Horizontal Angles— For small surveys the method 
of * Repetition ” (p 105) is often adopted For larger surveys the 
method of “ Reiteration ” is employed 

The errors to which theodolite observations are liable, and the 
methods of eliminating them, have been mentioned in Chapter IV 
To measure the angles at a station A (Fig 252) with extreme 
accuracy the following method might be adopted 

(1) The instrument is set up, levelled and accurately centered at A, 
and the telescope directed to some referring object, say B The 
instrument would be “face right ” (FR), the leading micrometer 
adjusted to zero, and the readings of the remaining micrometers noted. 
The telescope would then be rotated towards the right (smug right) 
until C was bisected, the cross-hairs being brought into coincidence 
from the left (approach left). 

All the micrometers having been read, the 
telescope w T ould then be rotated further to the 
right and D bisected from the left Then E 
and finally B would be intersected 

In each case all the micrometers or 
verniers would be read, and coincidence 
would be obtained by always bringing up 
the cross-hairs m the same direction, t e from 
the left. 

If the readings of the micrometers on 
again intersecting B do not agree with the 
original readings, the difference, if small, may 
be equally divided among the angles BAC, 
CAD, DAE, and EAB If considerable, the 
observed values would be rejected and the observations repeated 

(2) The operations would then be repeated with the vertical circle 
still “face right,” commencing from B as zero but swmgmg the 
instrument to the left, t e observing the points m the order E, D, 0, ii 
The intersections would be obtained in this case by bringing the cross- 
hairs into coincidence from the right instead of froin the left 

(3) The telescope would be transmitted without removal from its 
supports, and the face of the instrument converted mto face _ left 

P A round of observations would then be made swinging to the ng 

ften bo made swmgmg to the 
IeB and B approach L 

$ ;; H : | : l 

angle 



I jo 252 
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The observations would now be repeated commencing from a 
different “zero,” le. the leading vernier might be adjusted to 90 c 
instead of to 360°, and a further eight values would be obtained. 

With three vermers or microscopes each “ zero ” furnishes twelve 
values, and m the second of two sets of readings the leading vernier 
would be adjusted to 60°. 

The total number of observations required will depend upon the 
accuracy to be obtamed (see p. 377), and for geodetic tnangulation 
four to six or more “ zeros ” may be used 

Thus if there are n vermers, the angle between them will be ^ 


n 


and if there are to be m different sets of observations, the approximate 

360° 

angle between the various “ zeros ” will be ; eg if there are three 


nm 


vermers, and four complete sets are required, the zeros will be 
^ = 30° apart, i e. 0°, 30°, 60°, 90°. 


It is advisable — to avoid bias — not to set the vermers exactly to 
an even degree. 

The effect of swinging the telescope right and left, and of b rin ging 
the cross-hairs into comcidence alternately from the left and right, 
tends to eliminate errors due to 

(«) Twist of the instrument supports, due to the effect of the sun 
and wind , 

(6) Slip due to defective clampmg and tangent screw arrangements 

“Face right and face left” observations tend to eliminate the 
errors due to 

(a) The lack of adjustment in the line of colhmation, 

(b) Inequahty of the levels of the A supports 

Change of zero tends to eliminate errors due to defective graduation 

The reading of several vermers tends to eliminate errors due to the 
maturate centering of the instrument axes, and unequal graduations 

lhe repetitions also tend to eliminate personal errors in the bi- 
section of the object, the reading of the vermers or microscopes, etc. 


pruubuuxe mentioned above is too tedious and unnecessar 
laborious for smaller triangulations, so that for such surveys the wc 
may be much simplified. For instance, for a topographical survey 
a tertiary tnangulation, probably it would be quite sufficient to ta 
f®*? 3 only ’ jrcjk °ae face right and swing nght,” and one “ fa 
left and swing left observation from each This procedure woi 

y ^TS t W d “ 8B w3ien ^ e mst ™ent is fitted with two vermers 
Or for less precise results, one “ face right and swing right ” obsi 

vation from one zero, and one “ face left and swing left ” observati 
from the second zero, would be sufficient This would furnish fo 
readings when two vermers are fitted 

, /f or ° rdlnar y y or k the angles may be observed at almost anv fir 

of the day or mght, provided that the weathers favomaSe Te n 
excessively windy or misty. mvourarne, %.e. n 
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For geodetic work, or a primary tnangulation, it is usual to confine 
tlie operations to tliose times when the effect of lateral refraction is a 
minimum. Day operations are best undertaken between 4 pm and 
dusk Night operations are probably more reliable, and are now very 
generally adopted owing to the convenience and suitability of the 
modern luminous signals for long distances 

Vertical angles should be observed “ face right ” and “ face left,” the 
cross-hairs being brought into coincidence with the object alternately 
from above and from below Both microscopes or verniers should be 
read The most suitable tune for the observation of these angles is in 
the afternoon— say 2 to 4 r m — and reciprocal observations should be 
employed as described m Chapter VII 

Reduction to C entre —As already considered m Chapter V on 
traverse surveying, it is sometimes impossible to set up the instrument 
exactly over or under the signal which has been observed from other 
station-points In such a case the instrument is set up near the signal 
at a “ sa tellite station,” and the observed angles reduced to the centre. 
In triangulataon surveys there also occurs a modification of this prob- 
lem e q°. when a leaning beacon or eccentric signal is observed, the 
angles at each point are reduced to the values they would have, were 

the signal correctly placed , , , . m n 

The problem of locating a position 0, by observations from 0, jo 
three known positions A, B, and C, has been referred to previously see 
p 355) and the brochure of the Royal Engineers on The Resection 
Pioblem may be consulted for further particulars and examples 

Example 1 -Taken from the Survey of the Transvaal and Orange River 

^ In^Fig 253 W represents the Walschbank Peak station 
and beacon 

B represents Bendcarg 
C represents Xulca 

O represents the instrument station wlncli 
is eccentrically placed 



OW=d=37 328 ft 
Bearing OW=0°-0' 

Bearing OB=121°-56' og ^=5 2393 

Bearing 00=144°-54 / log WC =5 2316 

Tho angle WBO is obtained from the sine formula 
(1), p 516, t e. 

log sin WBO = log d+log sin 12r-56'-Iog WB 
tog 81 n WCO-tog it log >« '« -** ^ ^ ^ 

1 ° 1 3317 

!5007 log WC=5 2316 

log WB=6 2393 b _ 

log sm WBO ==42614 Io S sm 

Thereforo the correction 
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TRIANGULATION 38! 

These corrections are Loth +« and must be added to the bearings of B ant 
O from O, to obtain the bearings of those points from the true station W. 

Example 2 — From the same survey (Fig. 254). 

\ » position of instrument at Vkkfontcin, where the beacon 0 is 861 ft 
out of centre D=Tafel Kop signal 

Bearing of beacon top, t e V0=0°-0 . 

Bearing of beacon at D =330°-30'. 

Log of distance DV 2903. 

Then if 6 is the angle of correction, t e the ancle YDO 
log sin 0— log 0 861 + log sm 29°-30'~ 5 2901, ° * 

log 0 861=1 9350 
log sm 29°*30'=1 6923 

16273 
log DV=5 2901 

log sin*=b 3372, Tta 251 

... 0=0 44'. 

The correction to the bearing of V from D , s therefore +0 44'. 

v a° suci * th “ 

effect up°n the lengths of the calculated X 
byc„ m U p^^ 

npoiTit!^! 0t h 6r l^ 81 measureIn ®“^ 1 ol^ e triangulabon^which depend: 

SinU h rly any addltl °nal fractional error in AC or Tin 4 , 
error m the assumed value of one of the a V n Caas , ed b 7 a * 

nutted through the whole of the trnnm A S or G ’ be trans- 
that the angles A, B, and C shall be suSS? 0 ” 2t 1S thus desirftb] e 
ment shall have a any error m their measure- 

But because theTSaton J I f gth °l AC « *G- 
it is not desirable that th^accuracv^Tonf^ n P i° n both AC aud BC, 
to render the accuracy of the oth</ mi t Sh f b ®i sacnficed m order 
should be equally a^ate, * * AG and BC 

malang the triangle isosceles. ondition is best attained by 

proceed as follows^ ValUeS f ° r the angIes A and B and C we may 

By the sme formula a =c Sln A 

sm C’ 

therefore rf H ie the error produced u, „ by an er™ of 8A a A , 

Sctj = 1 

and 


5 c.cos A.SA 
imC 

0ff l _ C cos A . 

a (I * c m C SA = c °t A . 8A by the sme rule. 
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Similarly if Sa 2 is the error due to an error SC in C, 

Sa 2 = _Csin A cos C SC 
sin 2 C 


and 


~ ? = - cot C. SC 




= id^/cot* A + cot 2 C 


(1) 


___ « / 

xliis expression is <i mimmixm frlipn A « A i* ri 

or K? c ^ ] 80 - * h “ ““““a i a SSfiL* — ■ 

reduchm 3 eX P reSSl0a Md equating to zero, we have after 


from winch 


4 cos 4 A -*-2 cos 2 A-1 = 0, 
A=56°-14 / approximately. 


Prom these conclusions, therefore, the best shape of triangle would 
appear to be isosceles, having the angles at the base = 5G°-14' or the 
apical angle equal to 67°-32' 5 r 

It would however, be impossible to make a network composed 
entirely of such triangles, besides which, in a chain of triangles of these 
proportions, the tnangles would gradually dimmish m size as the 
distance from the base was increased This would be undesirable for 
many reasons, eg. it would be uneconomical, and the centering and 
bisection errors would tend to become more and more appreciable as 
the sides diminished in length 

. For these reasons an equilateral triangle is considered the most 
suitable shape, but of course m practice tins is modified very consider- 
ably, and is governed almost entirely by the topographical features of 
the country. If possible, however, tnangles having an angle smaller 
than 30° or greater than 120° are avoided, and tnangles as nearly 
equilateral as is practicable are employed 

Pig 255 shows graphically the probable fractional error m the 
sides when the angles are liable to a probable error of ± I", It will be 
seen that when the angles of the triangle fall outside the limits above 
stated, the resulting linear error rapidly increases — particularly when 
the angle is smaller than 30°. 

It is also evident from the curve that an equilateral tnangle is almost 
as favourable a shape as the theoretical best shape as derived above 

The curve has a similar shape whatever the probable error in the 
angles 

Sc 

When the probable fractional error m the side c, le — , is con- 
sidered, the resultant probable fractional error m the sides a and b is 

± J (^fj 2 + 0 2 (cot 2 A + cot 2 2A) . . (2) 
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g A 

The effect of the term J is to raise the vertex and flatten the 
curve. 

Curve (2) shows (j)** ±2 x 10* 6 and 0= ±1". 

Curve (3) shows (~j = ±10x 10~ 6 and 0 = ±1". 

Calculations —The well-known formula to be applied m the cal- 
culation of the unknown sides (o and 6) of the triangle ABC, uhen 


a 60 " TW* wo= — T?no 

Apical Angle, Degrees, 

Fiq. 255 


born, and “taX 

o _ = c 

sm A sm B sufC’ 


that an 7 discrepancy £ are adjusted so 

n i en gth that the fimiro ^ l 180 , unless the sides n „ — x. 
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““iS^Fr ‘™4enc e afe“ S,0S ^ ^ >«>’ V an 

gential to tile sphera/*' H f“ gle ,s mea ™raJ in a plane tan 

bn considered ^ comc^t^Z 1 ^ 8 these pW «y 

greater than the correspondLlnL’of’tho T f g,c f 11 “> <W 

tamed by joining A, B, and C iy stmeihL? wluch Is <*■ 

The spherical excess of a triamdp °r chords of the spheroid 

assumption that the earth « Q Ian ,^ e m 7 a Y be calculated— on the 
formula derived m Chapter XV , ^ ere ~ b y the application of the 


(3) 


e ° = a rea of triangle 

7tR^ * 180 > 

where R is the radius of the sphere. 

From this, the spherical excess m seconds, 

e /r_ A, x360x 60 x 60 

2nR2 > . (4) 

^ei^raXn^lhctrtr 1 ‘"“S'* ” ^ •* « 

onnlpSton^^KbshtStr " 1 ” 16 ^ tl ° 

Thus if R =20,889,000 ft. say, solvmg ( 4 ) by logarithms, we get 
log e"=Iog A, + 10 6745902 
° r log log A, + 2 1198580, 

md™rtpecbvoir“ * ^ “ E<1 "“ re feet 01 s9uare 

Eor_a triangle having an area of 1 square mile, log A ,=0 and 

Jo? alTor“wSr ^ 8=0 01318 “ * 

Usually it is sufficiently accurate to substitute for A* the area of 
the triangle considered plane instead of spherical, i e the area A, is 
calculated by the usual plane trigonometrical formulae 

Thus if one side c and the two angles A and B are known, as is 
usually the case, 

sin A sin B Qr sinAsmB . . ^ 


A,=4c 2 


sm (A + B) ~ sm C 

if two sides a and b and the included angle C are known, 

A, = &a b sin C . (6) 

For these computations the three angles are first adjusted to sum 
to 180° by dividing the excess (or deficit), including the unknown 
spherical excess, equally between them 

When the spherical excess has been computed, the error of the observa- 
tions is easily deduced, and is divided equally between the three angles 
— provided each angle is assumed to have been observed with an equal 
degree of accuracy, % e the correction to be applied to each angle is 
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(180° + spherical excess) ~ sum of observed mean \ alues of A. B t and C 

g _ 


If the angles are not equally reliable, they may be weighted, for 
instance, in proportion to the number of observations of each, or to 
the clearness or otherwise of sighting, etc. 

Thus if the three angles are accorded weights eo M oj b , and to„ respec- 
tively, the discrepancy D may be distributed in the ratio of the 
reciprocals or of the squares of the reciprocals of the weights c a the 
correction to A, by the first method, would be ° 9 ' 


or by tbe second method 


1 + 1 + 1' 
Mi. IOq 


1 

KF 


• (T) 


©•©’•O' 


• (S) 


— — 

adopted^ 1 the”|hraSgit A, B?tnd C m. 7*5 ‘i* vaIu,,s to bc 

iml® TJenSXorem » usS'aTe ^ 1 ““A*' 1 ' and &- 
fc te™„ atlon 0{ Z bd °^- and '■"*> “ 

(SCe 

For large Jangles ffis m %\e e £ S , 0 * the ddes , <>f the tnangfe 

thepLtsT^ 

™arS?ir T r^ e, “ br8 and ^ : 

which corresponds with+l^ le j en ^ chord c of +h t. 

£dc" a ° £ the *- the angles 

The uni™™ cries . ami , r chords jouung A, B, 

Jsss ssisr.«» « . _ ,1, 7 

**'*■ -ME&HSb; 
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exce f from each an 8 Ie of the spherical tnanslc 
and apply the usual sme formula. 1 & 

is toosST^ to P°S ra P^ ca l tri angulation the spherical excess 
trigonometry b a PP reua We, and the triangles are solved by plane 


Example. 

Observed angles of equal 
weight — 


A=88 o -34'-10 5' 
B=42°-16'-18 0' 
C=49°- 9'-33 9* 
180°- O'- 2 4' 


Corrections 

8 ' 

8 ' 

8 * 

2 4' 


_ log sin 

Corrected angles for pro- [ A = 88 °- 34 '- 9 7 ' 1 9998646 

linunnry calculation and -j B = 42 °- 16'-17 2' T 8277852 

for Legendre’s theorem [ c = 49 °- 9'-33 1' 18788258 . 

Known length c=82211 02 log c=4 9149300. 
Log area by formula (5) — 

log 5= 16989700 
log c 2 = 9 8298600 
log sm A= I_ 9998646 
log sm B= 18277852 
9 3564798 
log sm C= T 8788258 
f log area = 9 4776540 
1 constant = 10 6745902 
log e= 1522442 

Spherical oxccss e= 1 42 seconds nearly 
The total error m observations =2 4- 1 42= 98'. 


Tho spherical angles therefore, subtracting ^rd from each 


A,=8S o -34'-10 18' 
B f =42°-16'-17 67' 
Q, =49°- 9'-33 57' 
180°- O'-Ol 42' 





To caloulate a and 6 by Legendre’s theorem, when 


, c . sm B 

b— ^r 

sm C 


and a— 


c sm A 
sm C * 


log c=4 9149300- 
log sm A = 1 9998646 
4 9147946 
log sm C= 1 8788258 
log o=5 0359688, 


a=108634 75 ft. 


log c=4 9149300 
log sm B=1 8277852 
4 7427152 




log sm 0= 1 8788258 
log 6=4 8638894, 


6=73095 3 ft. 
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JTor systems other than a simple chain of triangles, resort must be 
made to a more elaborate method of distributing the various errors of 

observation , . , 3 , ■. 

The full treatment of this branch of the subject is beyond the scope 
of the present volume, and the student is referred to one of the standard 
works on “ Geodesy ” A few notes on the subject may, however, not 

be out of place _ 

Considering the system of polygons shown in Fig 247, a, the errors 
must be so distributed that the following conditions shall be satisfied : 

(1) The sum of the three angles of each triangle must be equal to 
180° + the ascertamed spherical excess if the triangles are sufficiently 
large for this to be appreciable 

Thus if the polygon has N sides, this incurs N conditions. 

(2) The sum of all the angles at the central station D must be equal 
to 360°, as all these are measured in the one plane which is tangential 
to the spheroid at D 

This correction, however, may be combined with one of the con- 
ditions of (1) , eg in Fig 257, Example 2, p 398, we may combine 
the two conditions below, viz. 

® 4 + % + ®jf-a=0 

and a^ + % 0 + a^ + %-&==0, 

where x 4 , . . are the corrections to be determined for the angles 

4, 5 . . , a is the actual error to be distributed among the three 

angles 4, 5, and N of the tnangle LNK, and b is the error at N. 

Thus by subtraction 

®4 + ®6-»9-®io -& u -(tt + &) = 0, 

which gives one equation instead of two to be satisfied, (a + b) being 
equal to 0 11" in this case 

The value of ( a + 6) may be found without involving N, because 
(4 + 5-9-10-11) when adjusted should be equal to e 1 - 180, where 
ej is the spherical excess m the tnangle LNK Thus if the observed 
values of 4+5-9-10-11= -Esay, then (a + b) = (e x - 180 + E). 

(3) From (1) and (2) it follows that the sum of the interior angles 
of the polygon must be equal to (2N - 4) right angles, plus the sum of 
the spherical excesses of all the individual triangles. 

(4) The apparent length of FG as calculated from AB, working 
through the sides BD, CD, GD, must be equal to the apparent length 
as calculated through the sides AD, ED, and FD. Similarly each of 
the other sides BC, CG, FE, EA, BD, CD, GD, etc , must yield coin- 
cident results by whichever route they are calculated 

Thus if A r and A t , Br and B L , etc , are the right- and left-hand 
angles at the various points of the polygon, and if the side AB is known 
by direct measurement, or from the preceding polygon after adiust- 
ment, we have & J 

" ' tmr ^•R^~ ABsinA ». 
sm ADB sin ADB 
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Tints 


PD = sin E* 
ED sin F z 
ED _ sin A l 
■AD sin E r 
Ap__ sin B t 
-iB sin ADB 


ED _ sin (x p 
EG smF ~ L 
DC_ sin 
DC sm G £ 
DC _ sin B, 


DB sin Cji 
DB_ sin A P 
■ AB sin ADB’ 

J multiplying the various factors together, 

P P • E D . AD ID cin p _* A * r» 
El3~VlT~Tn = Vti = - Em ^ sin A r , s in B l 

, FD nr nn AL ^^^DTanADB 

and Fjl.DG. DC. DB FD K ; n p - n _ 

dg . dcTdb^Sb = ab = snr-y EU1 

sin F L sin G x sin Qt sm ADB* 

Each of floss egressions for |? should be equal. 

** SfdnZ sm T B d “^"“S * ADB 

of ^Pendent 

If fbe mstannent is set np X timi, so flat * uumber of complete 
poh-gons ore formed, the number of conditions n-fll be l(K-2) 
the distance covered, if D represents the length of one side of o’ triangle’ 
mil be - J- (X- 2)D, and the area enclosed by the various triangles 
'll u * 3 V3 „ _ _ 

2 5 (^~ 2 )D } assuming that the triangles are equilateral 

In the system of squares or interlacing triangles in Fig. 247, c each 
bav j? ^ ustcd separately. and the conditions to be satisfied are’ 

i S., l angl f ° f f ch of the triangles ABC, ADC, to be equal 
to Jc-y - the sphencal excess. a 

. angles of each of the two triangles ABD, CBD, to be equal 

to leu - the sphencal excess 

(3) As a result of (1) or (2), the four angles of each square to be 
equal to 360' - the spherical excess 

(4) The deduced lengths of the sides to have the same value, what- 
ever portion of the data is employed in their computation. 

This reduces to the same rule as stated above, i e 

sin A z sin B P sin Ce sin D £ = sin A t sin B x sin Cj, sm D^ 

? triangles such as HGG are included, this expression becomes " ^ (X - 2) D*. 

«J 
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The number of independent conditions for a single bay is thus 4, 
and the number of settings of the instrument is 4 

For N settings of the instrument, where N is an even number 
to ensure a complete series of squares, the number of conditions 
= 2 (N - 2). 

The distance covered, if D is the length of a side of a square, is 

D D 2 

-jr(N - 2), and the area enclosed is - 0 - (N - 2). 

u 2i 

If, however, the length of the diagonal, t e the maximum length 
of sight, is restricted to D, the distance covered for N settings is 
~ 1)2 

2), and the area enclosed is -j-(N - 2) This is probably 

which should be taken in any comparison between the 

systems 

For the purposes of comparison the expressions for the various 
systems are tabulated in Table I In Table II are given the values of 
each when N = 12 

Curves may be plotted if desired to compare the three systems for 
any values of N. 

From the results it will be seen that, to cover a given distance 
rapidly, the simple chain of triangles is the most expeditious and 
economical 

The system of interlacing triangles or squares gives the most 
equations of conditions to be satisfied, and consequently this is prob- 
ably the most accurate and reliable method, though the individual 
triangles are then hardly as well conditioned as those in the polygonal 
series 

The advantage of the polygonal system is that the largest area is 
enclosed for a given number of stations This method is therefore 
the most economical for a topographical survey of a large area, and 
as the number of equations of conditions is large, a high decree of 
accuracy might be expected ° 


wr- 

the case 


Table I 


Sjstera 

Number 

of 

Stations 

Distance 

covered 

Area cohered 

Length of Lines 

Number 

of 

Condition 1 : 

Simple 

triangles 

N 

f(N-l) 

~(N-2) D s 

(2N-3)D 

N-2 

Hexagons 

N 

^pD (N - 2) 

~<N-2)D’ 

(llN-17)^ 

5 

?(N-2, 

Squares 

(base=D) 

N 

£<N-2) 

t (N - 2 > 

(2 014N-4 828) D 

2 (N-2) 

Squares 
diagonal =D 

N 

2>- 2 ’ 

^(N-2) 

(2 060N - 3 413) D 

2 (N-2) 
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Example 2 2 — From same course (Fig 237) 

Observed Angles 



I=27°- 5'-52 31 
2=61°-15'-38 52' 

3=55°-ll'- 1 68' 

4=13°-16'-37 37' 

5=31°-33'-48 62' 

6=69°-48' 53 38' 

Equations to be satisfied 

x I +x 3 +x a —0 13=0 
x 1 +Zg + x JO +0 S5=0 
Xg+Xj+X u -128=0 
x 4 +x B -x B -x 10 -x n -0 11=0 


7= 49°-39'-5G 19' 
8= 52°. 8'-12 81' 
9= 63°-33'-20 37' 
10=100°-45'-56 15' 
11= 60°-31'- 9 32' 


Report of Geodetic Surieij of South Africa, voL v p 107 2 Ibid p 119 
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S 




* 





aijss — 0 GS' 
*» = +0 17' 
* 3 = -013' 


TRIANGULATION 

Resulting Corrections. 

* 4 = +0 9S' x 7 -+ 0 24' 

* s = - 0 44 ' * a =-0 01 ' 

*.= +0 54' 


ar 10 = — 0 16' 
* 11 — +0 50' 


*8= +009' 


Map Projections — As the earth is approximately spherical m form, 
it is impossible to represent without distortion any portion of the 
earth’s surface upon a plane area For small tracts of country the 
distortion is quite inappreciable and is neglected, but for large areas 
some system or method of projection must be adopted There are a 
number of such systems, and each has its advantages For a discussion 
of the properties and details of the most common of these, the reader 
is referred to Map Projections by Sinks, or A Text-bool of Topographical 
Surveying by Close and Winterbotham " ‘ 

Accuracy 1 — -A few examples have been given in Chapter V upon the 
accuracy obtainable m angular measurements, and m Chapter XIV 
are given data of a few base line measurements 1 

Ordnance Survey— In a report made by General Ferrero (1892) 
to the International Geodetic Association the Ordnance Survey of the 
United Kingdom was— judging by the angular errors— classed as 
inferior to the other European Surveys m precision 

The p e of a single angle on the Ordnance Survey has been given 
as about ± 1 20 but the network is so complicated that the accuracy 
of the final results is quite comparable with the best modern work 

as Was ^2^* co ^ons, the pe in the angles may bl 

, 9 n /f ount of tlus 0 Pimon, however, and for other reasons, it was 
decided to measure a new base at Lossiemouth on the Moray Firth 
connect it to the present triangulation, and to use it as a means of 

up^lTIomt. 11 * mMS lad acoumul3ted “ linear dimensions 

T't !? y favourable, as will be seen by tbe follow- 
mg table, in which the fractions express the errors between the 

Sa a ef: and meaSlttel3 ^ m ‘eras °f the distance between 


Salisbury Plain Lough Foyle Lossiemouth 


Salisbury Plain 
Lough Foyle . 
Lossiemouth . 


1/93000 

1/45000 

1/505000 


1/93000 

1/88000 

1/79000 


1/45000 

1/88000 

1/42000 


1/505000 

1/70000 

1/42000 


The following table gives the values ol three distances in Moray 


- %■ 


+ 1 6 ? - , 
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as calculated from the original triangulation and from the new Lossie 
mouth base 



Principal Triangulation 

Ken* Deduction 

Difference 

Monnond Hill to 
Corrichnbbio 

feet 

247,000 01 

feet 

247,055 D1 

feet 

410 

Comolmbbio to 
Knock of Grange 

120,024 10 

120,521 03 

313 

Knock of Grange to 
Mormond Iiilt . 

140,801 40 

145,859 85 

155 


If the error is considered as proportional to the square root of 
the distance covered, the discrepancy between the measured and 
calculated bases may be shown by the following table which indicates 
that the Ordnance Survey compares very favourably with other 
National Surveys 


National Snneja of 

No of 
Comparisons 

Discrepancies 

Reference 

Europe . 

3G 

1/83000 

Report of International 
Geodetic Association 

India . 

8 

1/197000 

Account of GT Snr 
vey of India 

Soutti Africa 

13 

1/92000 

Reports of Geodetic 
Surrey of S Afnca 

US of America 

20 

1/121000 

Report of U S Coast 
and Geodetic Surrey 

Mean , 

77 

1/99000 


United Kingdom 

G 

1/152000 
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15 or more miles m length, and the angles measured with lar*e 
StimSion 1 thcodo ites readm S t0 say 2" directly, or to 0 2" by 

“ Third^O^der ”” m **“ tmngular error sIlouId Dot exceed 5". 

" Fourth Order,” ” ” ” » “/ 

EXAMPLES 

driven^ into the ground 0 oxactly^ffc^to^rdq 1 *#^ B1 j Tve y» wooden pegs were 
stations Tho signals were erectedwerthTw north of «» 

A),it was desired not to distebSe «Sa] sol ho SESm At ° ne . statl0n ( sa y 
centre of the wooden pea it was diJv»#wl a codob * e v,as se t up over the 
the magnetic bearings of two stations T1 nnrl 8 raa ^ ne ^ lc n °rth as zero, and 
and 2F-17' respectively. Bv TSSSI'JIua were , obse r ed fo «** 317° -21' 
the distances AB and AC were found tn hn m ^ b a protractor, 

twiy Rod, to tho' ££!!£?,£££% ho S 1 S? 
centre of the true station e ot tac an S‘ e B AC reduced to the 

or MM > » -« parallax, 

of solution, supposing tho pog and Station So“SSS n S”° ns »athod 

Pl«od°a“fdSnL^f°soii G ft 0d f l10 S ,T' CJ ttle wstru. 
(Fig 258) What corrections must be annhed t 1 &0m ^ anoutsa beacon 
K °° 8h ' ^2„„£ ““ beann Sa taken from O to 

In the figure M= Beacon A\ m 

0= Instrument \ / 

A=Mt Anderson \ / 

B =Thama Koosh \ / 

C==Iron Crown \ / 

Bearmg of Beacon = 0°-0' I*°g Distanco (' 

” A=145 0 -5* 5 3674 / 

» B=206°-53' 536ig W 

0-267M4- gS 


w 

Fig 258. 


« Wiu 4 . 1 W 200 . 

Obtained Position E, and the followmg data 

/ \ HS‘^'S”“«l**PPho it „thohea m g oJ 

/ \s nesburg 7 rea “' s >‘to the truo latum O ut SS- 

HE-1146ft EO=4 33ft 

T?r„ orrn bearing to Beacon = 0°-0' Distance 

Ro ‘ 269 » B= 68°-l4' 

» H= 1350.55/ 6 3825 
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Chapter XIV 


BASE LINE MEASUREMENT 

The reasons for the accurate measurement of base lines m a triangu- 
lation survey have been dealt with m the preceding chapter 

The procedure to be adopted in the measurement of such a line 
depends upon the accuracy which it is desired to attain , and this, 
m turn, is influenced by the nature and extent of the tnangulation 
which springs from it 

For example, (1) the larger the tract of country to be surveyed, the 
more accurately is the base measured , because if l is the maximum 
length of the survey, and b the length of the base, and e b the error m 
the base, the resulting total error m the length l from this cause alone 

is e b jr, i e. the error m the base is equivalent to an error m the scale 

to which the map is plotted, because it affects all measurements m 
the same proportion Other errors of course influence the apparent 
length l, as explained m Chapters I , V , and XIII 

(2) The scale to which the resulting map is to be plotted is to be 
considered, as the larger the scale the more appreciable is the error 

of a given magnitude upon the paper , 

(3) The expense, and the time at the -disposal of the survey party 
are also important considerations, eg it would not be reasonable 
to spend the same amount of time or money upon the haselmeofa 
topographical survey of small extent as upon the base hne of a tnangu- 

latmn survg^for r ^ ase o{ a topographical survey may be as short 

as i to * nnle while that of a large trigonometrical survey may be as 
much as lO miksor more It has been generally considered, however, 
that little is to be gamed by the use of a longer hne than o or 6 m , 

few primary tnangulatmn bases are grven on 
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of a rectangular iron bar, which measures 1£ in wide and 2* ii 
deep For a short space near each end, one-half of the depth of th 
bar is cut away, to enable the dots to be placed exactly upon th 

ei£fend S ' ^ ^ “ supported at and % ths of its length froc 

A yard is defined by Act of Parliament, and is the distance at 62° I 
between two marks upon a bar of bronxe kept at the Exchequer 

are letien^l^ JT * l T ts ” 5 Contmental standard, 

are frequently defined as the distance from one extremity of the bai 

to the other, and the term “ d bouts ” is then apphed. 7 

It will be noticed from the following notes that there are several 
distinct methods of making the required measurements, eg. 

(1) A base kne may be measured by the employment of two nr 
more standardised bars, the measuring length of each bemo- dpfinnd 

, e forward mark upon the one bar is brought alongside and 
into exact comcdence with the hmdermost mark up!" the S L “ 

of the following bar, and so on ° mt ° COntact tIie rear end 

int£Lt£S — <T 

with a scale, tapering wedap Jr n+h a ^ ars ma 7 be measured 

is then comprised of a number of sLTXf T J? e tofcaI ■**««» 
of measured intervals ard ^ ar ^ en gths and a number 

mark] may be us^Vnd tta Ste^akbe^een ^ npod % carr 7mg fixed 
then measured individually and otweea consecutive marks are 
furnish the total length, or* d * parate re s«Its combmed to 

ti 0 n?ind l rmork“Sw^ tn wh < ^" n 2 y,,e ' used: £ot< ^<*opphca- 
forw a xdond„£thetapeXiIfr,E' !g “ ^ *» comedo wtfi the 
The chief appliances which hav/» ^eld upon the previous mark, 
accurate measurement of base lines axe* adopted m tIie P asfc for the 

(1) Steel chains. 

(2) Deal rods 

(3) Glass rods. 

/k! ^ ora Pound rods 

«. , _ * ' SteeI or wires. 

measurement For a^maU^^tW maTb e ,°°? omiral “cthod of 

7 tney may be laid upon the ground, 
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but for important work they are laid in accurately levelled coffers or 
troughs supported on trestles, and aligned with a theodolite or transit 
instrument The temperature is taken at a number of points along 
each chain length, and a constant pull applied ° 

The Hounslow Heath Base of the Ordnance Survey was re- 
measured m 1791 by this method, the cham, m this case, being 100 ft 
long, subdivided mto 40 links, \ m square in section A constant 
puli of 28 lbs was applied by means of a weight, and the temperature 
taken at five points in each 100 ft length. 

The measurements were taken between transverse lines inscribed 
one on each handle of the cham , and a second similar chain was 
kept for purposes of comparison 

Most of the other bases of the Ordnance Survey were measured in 
a similar way with the steel cham 

(2) Deal Rods, trussed and well seasoned, have been much used 
Generally they were placed end to end, spherical metal tips being 
fitted to ensure accuracy of contact 

They are not used on modern surveys, as they have been 
superseded by steel tapes and wires, or other more refined 
apparatus 

They are liable to alter considerably m length owing to changes 
in the humidity of atmosphere, it is essential, therefore, that they 
should be well oiled or varnished 

An attempt was made in 1784 to measure the Hounslow Heath 
Base with such rods 20 ft 3 in m length, but the result was con- 
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sidered unreliable , 

(3) Glass Rods placed end to end m accurately levelled and aligned 
coffers have also been used, e g upon the first measurement that was 
adopted of Hounslow Heath Base m 1784 In this case the length of 
each rod was 20 ft The temperatures were noted, and proper 

correction apph ^ gpecial Rods —Colonel Colby’s apparatus uas 
' designed to ebmmatc the 

effect of changes of tem- 
perature upon the measur- 
ing appliance 

Two bars, each 10 ft 
long, are riveted together 
at the centre of their 
length one bar is of steel 

and the other of braes, the retro of (he ^coefficients of bncar expans, on 
of these metals having been determined as 3 5 rnefcal tongll0 

the dfstance A to the jnnefon wrth the steel bemg -.the - 
ac, the distance to the brass connection t0 rcn a C r it 

equbhy ^ftSpSore as the stee, 0- 


Fig 200 
Colonel Colby’s Measuring Bars 
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quently, if the distance between the ends c and Cj of the brass rot 
alters an amount x due to a change of temperature of t°, the distanci 
between the points b and b t will alter by an amount £ x, and the point 
a and a x will be unaltered in position, t e the distance from a to a 
has a constant value of 10 ft. 

This apparatus was employed on the Ordnance Survey for tilt 
measurement of the Lough Foyle base in the north of Ireland. 

. /* ere coffers supported on trestles were aligned with a transil 
instrument, and accurately levelled. 

on the same PP^iple as the 10 ft bars, was employed 
*T 0 , ^^copes, each of which was furnished with cross- 

berng 6 1 m dlStanCe **** th ® Centr ® ° f th ® 0ne to tte centre of tlie other 

To commence the measurement, the cross-hairs of the one micro 
scope were brought exactly over a platinum dot, let into the centre of 

haL a o°/th ne ° f 

...iT® framework was then placed at the far end of the first 

placed imdSSKicotf Se °° nd COm J>°™ 1 •« ™s 

82 ft et S ^L fi J « leDga ® "T 181,1 at a « a total lensth of 

6 n ifflMTOd untd ! tte'fei ^ Mm^eted* ““ lengU “ ° f 52 ft 

'ten asad f0r *• measurement of 

1849, for tie remeasnremmf nf rt of Indla ’ and also, m 

Ordnance SnmTTtKL l*?® Plam basa o£ 

one tune 7 ’ CaSe “* saawsive lengths being nsed at 

°r g ? the &Ct that 

and attamed a higher temopraf,, S Ju ^ e J c , ame Seated more quickly 
were accordmgly used to attempt ^ far bar - Thermometers 
of each bar "as 7 tWork wasSno" / 80ertai “ temperature 
appiedm the nenal wa r to allow for an/drfe^T&t^ 

Como ™ base, 0 that 'without thermom™™a *fS out on the Ca P e 
might be expected with this appSJ error of ±15/* 
bght be reduced to /L wheJ^ thermometers this 

“ 10-6 01 one - 

-l-pper, which was camffSn nJ°^ VOmid bar of P^tinum 
of the lower platinum strip wasCo T he length 

, M the u PP er copper 

* T'or further particulars on thf * 72 ? °* * ndia 

on the vanous systems, see Clarke’s Geodesy 
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lean temperature of the platmum measuring strip 
The interval between successive strips was measured by means of a 
raduated slider moving against a second vernier upon the platmum 
omponent 

Both verniers were read by the aid of microscopes, and tour sets ot 
ars were employed at one time, though later one of these was reserved 
s a standard for reference and not employed m the actual field work 
Two iron tripods provided with levelling screws were used for each 
ar, and the inclinations were measured upon a graduated arc 
German System (Bessell’s Apparatus) —The bars employed upon 
he German bases were arranged, like Borda’s rods, to form a metallic 
hermometer, the materials used being, m this case iron and zmc 
Tie extremities of the zmc bars were furnished with horizontal knife 
'dees and the mterval between these was measured by means of a 
;la 8 ss ’wedge, instead of by the graduated shde working in a groove, 

>f Ti/compound bar was supported by seven rollers cari»d l on an 
ron bar, ani the whole apparatus, with the except™ of the contact 

inds, was enclosed rna ^ ,*£**£*££ on seven of the Russian 
>aSe8 ^^i’ I1< ^/ and*^^aon^aM ,rn i^l^ rod^coMirt^of^t^gl® 

ugbly polished Btee ! ’ ^ rne a a highly polished hemisphere, 

mall lever. One end of this lever oamea a g of fte nex t 

vlnch was brought into conta t d er a graduated scale, 

lar, while the upper end of the lever moved ov g The 

ioi the reading of which the tag * oi the ^rcom ^ 

pressure at contact was regulated by a spring * 

the small lever and temperature was 

| iS\rXT£o«t»;wh..e bulbs warn let mte 

the metal— two m each bar. n eo a e tic Survey Apparatus consisted 

^ m pd teS nofnnd bra., « gj- - «"* ^ 

1 3 Lea fr» pvnand at the other __*,/vnnl to 


me end, and to , e ^^o n ents°were inversely proportional to 

r’ipS beats, while ^YtoupSr' wTba^ wtoh rested upon 
The relative movement of the upp_ ^ mrasim d by means oU 
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o-iiu ux ujuu icvvx twu» piuviucu wibu u similar Kune cage 

on the outer side, and against this n as directed a constant pull. Tins 
pull regulated the pressure of the small lever against the extremity 
of the iron component of the apparatus . it was transmitted by means 
of a sliding rod (a) actuated by a spring, from a frame on the iron 
bar. This rod also carried an agate contact surface at its outer 
extremity. 

At the opposite end of the bars was a somewhat similar sliding bar 
(o), carrying a knife edge at its outer extremitv Onnt.nr.f. 


rnST r Va was ® a de by bringing this knife edge of the one slidim 
rod (6) (at the united end of the components) into contact with th< 
agate surface upon the extremity of the other sliding rod (a) at tht 
free end of the components. b ' ' 

The pressure was regulated until a bubble, actuated by the rod lb) 
was brought to the centre of its run 7 ° a {0) 

With melting ice 1 h 18 embedded m a V trough filled 

as results (toS^bteiSui^as f° St m ° dem Work 
Whed by the elaborate compenXn hin t ° f acc f aCy as tbose 

sr d — 

(36% 

The value varies m diflWonf^ n ^ be lowest of any known mpfni 
Th “ « the da a l° u t 0000003 


to of etror *££££ 

matenal for'Sn^ S wMk apeS ^ TOMS eludes tie use of « 

mTest,gat 1 0M T S e ?d e d OTer B sev e Dr ' e,nll <«™e of P M]S wh 

0 a veil ctam. 
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A test- 1 at the National Physical Laboratory on three invar wires 
gave the following results, in kilogrammes per sq cm 


Elastic Limit 
6600 
5800 
6200 


Yield Point 
7800 
7000 
7400 


Max. Load 
8740 
8050 
8270 


E 

1 . 520.000 

1 . 44 0.000 

1 . 4 45.000 


For important bases the tape or wire would be 300 to 500 ft long, 
though a 100 ft or 150 ft length is often employed Lengths of 24 
metres, 50 metres, etc , are also sometimes adopted 

The base is divided into bays, and the tape or wire is stretched 
between each two successive supports in turn, and allowed to hang 
freely in a catenary between them, the tension being regulated by 
means of a spring balance, a suspended weight, or other means The 
difference in height of the supports is measured by means of an ordmary 
level the supports are aligned with a theodolite or transit instrument, 
and the temperature of the tape is noted by means of attached thermo- 
meters. To ensure as true results as possible, a cloudy or dull day 
should be selected, otherwise the readings of the thermometers may 

give very erroneous figures , . . , . , 

8 For the best class of work, the supports are tripods at the top of 
each of which is a small flat surface engraved with a fine mark, to 

which the measurements are taken , fllo 

At each end of the wire or tape is a small graduated scale, and the 
reatog m £ winch corresponds with the mark on the taped head 

B hlf Z££1SLm~* the supports are tab- *j» 

- The Sen’stoetcStom'peg to peg, and a tons- 
S sS-teh made to intersect the longitudinal scratch, at the 

extremity of eachtapelength support the wire, to 

eusTtCtCSXorTaW - - ** 

stretching of the tape & m posltlon while the other end 

a w a. Kaaa 
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over a pulley upon a ranging or other rod, and carrying the straining 
weight as in Eig 261. 

Corrections — The following are the corrections which it is necessary 
to make in the calculations : 

(1) Correction for tension 

(2) Correction for sag 

(3) Correction for slope 

(4) Correction for temperature. 

(5) Correction for alignment 

(6) Correction for standard 

(7) Reduction to sea-level 

W Correction for Tension — When a tape is subjected to a tension 
of P lbs weight, it stretches a small amount This small amount of 
elongation may be easily calculated, because, as is stated by Hooke’s 
Law, if the elastic limit of the material is not exceeded, strain (i e 

!t ngt ° “ proport,OMl t0 «*» stess (» * P“U l*r unit 
rpj ir> ^ ^ stress , 

ita’ 18 thus e 1 ual to s °me constant, which is known 
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Fig 261 


££2"** m ° du1 " 8 ° f ehsb ^> - Young’s modulus (E) o£ the 

Thus if the sectional area of the tape is A sq in , the stress 

l * lbS ** * the total elongation of the tape is L 

ft in a total length of L ft fh» cf * ^ ^ 

fraction k * *’ ** &tX&m 18 ex P^sed by the 


Consequently, 
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>"4-!" E fM 5tMl “ ab ° U ‘ 30 ’ 000 » or 30 x 10° lbs 
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T]ie mean sectional area of the tape may be deduced if the length 
and weight of the tape are known 

An error of ± SP in the determination of P will produce an error of 

(P±8P)L PL_^8P PL 
AE “AE P AE’ 


or 


gp 

± ^ x (correction for tension) 


Similarly, an error of db 8 A in the determination of the cross-sectional 
area A will produce an error of 

¥ ^ x (correction for tension). 

A 

(2) Correction for Sag —The distances that it is required to ascertain, 
eventually, arc the successive horizontal distances between the peg or 

tripod supports . , . 

Each of these distances, being a straight line, is obviously shorter 
than the length of the tape, and the difference between these quantities, 
t e between the curved length of the tape, and the distance from one 
support to the next is known as the Correction for Sag The apparent 
length thus being too large, the correction must be subtracted, in 
determining the true length from the observations 
Thus assuming that thn two 

distance between them, and let the 
total dip be d 

Then considering the equili- 
brium of a length CD of tape from 
the centre, the horizontal projec- 
tion of CD being a ft , we have a 
horizontal pull at C of H lbs say, 
a pull of P a lbs along the tape at 
D (there can be no component at 
right angles to the tape as it is not 

^ 0 °Butas the^ag^is very small in eon— 

nearly, and the weight of CD may be considered as « lbs acting 

ltS femes must he eoneurrent as CD is m equilibrium, - * 

H Draw' Sg%m“ "rtically) In meet CF predated 

m Then by the triangle of forces 

WX Pi = jL. 

DC -\/DG 2 + EG 2 F( * 
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( 2 ) 


where DG -y. 

MTien x = 1 e - at tlie su PP orts ’ and fcecomes e< l ual to 
P, the external pull apphed with the spring balance, and 

wL x _ P _ 


22/ 


/ / 1 

■ \2 


i) 


i.c. 


therefore from (2) 


-rr wLi 2 

±L '“ Sd ’ ■ 

wx __ 2wLj 2 
y 8 dx 1 

• s*- L i 2 w 
4<T^ 


(3) 


which is the equation of a parabola, and may be written as 

3? ^ C * 3/, • • • 

where 


(4) 


(4a) 


c= k 2 

° 4d* 


Had the weight of the wire been taken as proportional to the length 
of the wire, instead of assuming it to be practically proportional to the 
span, the equation would have been that of a catenary, i e. 


y=K cosh . ^ - K 


where K is the length of tape whose weight is equal to the horizontal 

TT p 

tension H, % e K = — = - nearly. 

w w 

To determine the length of wore or tape in terms of the span, or 
ucc icrsa, differentiate equation (4a) 


or 


2 x-c d V 
2x 

dy_2x 
dx c ' 


The length of tape from the centre for a horizontal distance x 1 is then 
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therefore, L, * e the length of tape 


S*®’)**. 

’if-?) 1 *. 

hi 

!/h 


=2 T« + . 

o*- 

T 2 

or substituting c==i-, 

4d 


L=L,+$£ 

"1 


X 

Till* frnrv. /OS J ?fL , 2 toLj 2 

* lr0m W «- 8 jHT = ~8jF near1 ^ because l{ the parabola is 
Smpraent ^ PUU P (MerS Verj shghtIj from lts bo «zontal 

•••L-Li + Sf. 

1 24P 2 

or, as the difference between L and L 2 is very small. 




. (6) 


where W is the total weight of the tape and wL x =wL nearly 

The difference between the curved length and the straight leng th 
may therefore be expressed by the equation ' s 

L /W\ 2 

s = 24 ( t ) nearly * * • ■ • (7) 


Or, adopting the equation of the catenary, 
L = 2K sinhji . . 

Zlx 

( h? ia\ 

= KU 2K -e~ 2g ; 


• • • 


-“{S*r® ,+ p(&‘ + “ ) 

t . Li 3 , Li 6 . 

1 3>(2K) a 5»(2K) 4 *’ 


. ( 8 ) 

. m 


V 

% x* f 


V 
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Neglecting the third and following terms, the corrections for sag s 
are given by the equation 

. W - w 

‘ , ~3'(2K) a 24K 2 

_L 1 3 io 2 

24P 2 

W 2 L 

= nea ri7» as before. 


An error of ± 8P m the determination of P will produce an error of 

LW 2 LW 2 LW 2 { P 2 1 1 
24(P ± SP) 2 24P 2_ 24P 2 l(P±SP) 2 J 

_LW 2 // SP\- 2 

24P 2 l v 1 ^ P / l f 

_LW 2 /38P 2 
** 24P 2 1 P 2 

/38P 2 2SP\ , . , 

- (j-pg- T -p-J x (correction for sag). 



(3) Correction for Slope — When the supports cannot conveniently 
be arranged at exactly the same heights, the relationship between the 
length of tape (L) and the horizontal distance (L t ) between the 
supports may be derived from first principles. But as the dip 
and the differences m level are generally very small, the applica- 
tion of the above formula (7) will be found to determine the slope 
distance (L 2 ) between the supports with sufficient accuracy for the 
purpose 

The horizontal distance is then deduced as follows 
Let L 2 be the slope distance deduced by formula (7), z.e. 


L 2 = L- 


W 2 L 

24P 2 ’ 


and let L x be the required horizontal distance ; h the difference 
level between the supports, and 8 the angle of slope 
If 8 is measured, we have 


L 1 =L 2 cos 8, 

so that the correction to be applied is 

C=L 2 (1-cos 8 ) (g) 

Uon H /i S faS“e d b? leVdtog> ** ^ ° £ *■» oJ 
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SURVEYING 


sin 0 = J~ 

Jja 


cosine 


“( 1 -*I? + * * )* 


but tlie correction to be applied is L 2 (l - cos 0), t e neglecting higher 
powers of the expansion than the second, and substituting for cos 8, 
we get 

C = *|-. . . . (10) 

li 2 

Tins, being always negative, must be subtracted from the apparent 
length L, to yield the true length 

An error of ±80 in the determination of the angle of slope 0 will 
produce an error of 

±L 2 sm 0 80 

by differentiation of equation (9), or an error of ±Sh m the deter- 
mination of It will produce an error of 

. h 8 h 

3“ -f j 
■1*2 

a result which may be obtained by the differentiation of equation (10), 
or which may be derived from the expression ±L, sm 0 80, i e. 

r h 8 h ,h 8h 

±Jj2 L 2 ‘L 2 ± l 2 

(a\ Correction for Temperature —The length of a tape is mcreased 
as its temperature is raised, with the result that apparent measure- 
ments are then too small Thus, when the temperature of the tape is 
i n normal a correction must be added to the apparent to obtain 

{KSSSSft fcSS and convey fe temper^ > 

"Mow the normal the correction has to be subtracted 

The^tSon of the temperature of a tape vare or bar : isthe most 

confined to cloudy a ^ d ^ ^^ ces jf the temperature is rising or 
Even under such circumstances, J ** Jg not neces sanly 

fallrng, the the°measurmg appliance— particularly m the case 

that experienced by the m^surmg ^ g outside ^ bar the 

of bars or rods 111 the meta * ^ 

change of^P^f ^tldStmcb lag when the thermometer bulb is 
in the bulb, i e ther __ reverse takes place 

- of • top6 13 Tay 

difficult to estimate. 
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The compound bar types of apparatus were designed to eliminate 
as far as possible the effects of temperature, but the results were not 

altogether satisfactory (see p 405) 

The introduction of invar steel has considerably reduced the enect 
of any possible errors in the estimation of the temperature The 
coefficients of expansion (a) for 1° F. are about 
0 00000625 for ordinary steel, 

0 00000661 for Chesterman steel tapes, 

tooffi)004} fotmTMSteeL 

Thus if the length of a tape is L at T°, then at a temperature of 
(T ±t)° F the length will be approximately L (1 ± at°), and the cor- 
rection consequently 

i ai°L. . . . . • (11) 

Set 

An error ±Sa will thus produce an error of ±— x (correction for 
temperature), and an error of ±8t will produce an error of 
± - x (correction for temperature) 

t 

(5) Correction for Alignment —Generally a base is set out m one 
continuous straight line, but 

sometimes it is necessary to B 

resort to a bent base line, 
composed of two or more 
straight portions subtending 
an angle other than 180° as 
in Fig 263 

The length AB in this case = BC cos 0 X + AC cos 6 Z ; 9 X and 0 2 being 
measured directly with a theodolite 

The correction to be subtracted from the apparent length of line 
is thus 

{BC(1 - cos B x ) + AC(1 - cos 0 2 )} . . (12) 

If A and B are not mutually visible, the angle ACB (y) or the angle 
DCB (y x ) must be measured and relied upon. 

Then AB « VAC* + BC a - 2AC CB cos y . . (13) 

Also, 8 Z and 8 X may be computed from the well-known sine formula, 

sin # 2 _ sin 8, sin y „ 

BC "A C'~'A£~* * • ‘ 

Or as an alternative, 8 Z — 8 X may be deternnned from the equation 

fam&z4, gg-A0 y 
2 BC + AC COt 2 

Then as 6 Z + 0 1 =18O-y = y 1 , 

8 Z and 6 X may be calculated, and by the application of equation (12) 
the correction deduced * 



Fro £G3 — Base Line 
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SURVEYING 


Even when A, B, and C are mutually visible it would be advisable 
to measure 0i, 02, and y, and to calculate AB from both equations (12) 
and (13), and adopt the mean result 

It may be interesting here to consider in what way an error m the 
adopted values of the angles 0 lt 0 2 , and y may effect the results 
Considering equation 

AB = BC cos 8 1 + AC cos 0 2 , 


( 16 ) 

let the effect of a small error 80 x m 0 t produce an error of S(AB) u 
AB , and a small error S0 2 in 0 2 produce a similar error 8(AB) 

m AB 


m 
. » 


and 


By differentiation then 

SAB' 
80! 
SAB* 


80„ 


= - BC sin 6 V 
= - AC sm 0 2 . 


The negative signs indicate that if the errors of 80j and S0 2 are + TB 
(i e tend to increase the apparent values of 0 X and 0 2 ), their effect is to 
decrease the apparent length of AB Similarly, if the errors 80 f and 
80 are - ve , the apparent length of AB wiU be increased 
* 2 ff now ±80, and ±S0 2 are the probable errors m 0* and 0 2 , the 
probable error SAB in AB, due to the two sources, is 

§ jyg s= ± -y / (BC sm 0i80j) 2 + (AC sm 0 2 80 2 ) 2 (1 U 

But the smaUer 0 X and 0„ the smaller will be the values of sm 0, 
■j M a nnfl therefore flie snin-ller will be oAIj _ ■* 

•*£&££* of 

* e ^ e “fwhen P ACB diftaas little as possible from a straight 
toe SmuIarly, by the differentiation of equation (18), > t. 


or 


AB 2 = AC 2 + CB 2 - 2AC CB cosy 

2AB 8(AB) = 2AC CB smy.Sy, 

SfABl AC CB sm_y 
8y AB 


(18) 


This expression is a y J B “° n magnitude 1 / y has 

£ I tt^u^AhrtSneAl,whenAOBapproaoh. 

and OB is a minimum tvhen A ^ rt {lta of it. 

ws-a - * “ rfc,n 

tv, -from one extremivy. 
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not SSttafn? MWO K8 “ lfl ” e 0m>r “ the ‘“-S* of «“> » 

Applying equation (18) and considering the length AB=5 units, 

Sy~ AB ___ 5xl0'°x5 25 

AC.CB.8in v 3x2x 08716 - 6jT87l60 radians 
_25x 180x60x60 

~6x 87160 Xt seconds 
=9 86 seconds 

lengtl Z & ^ ’*“! 

and immediately after eac P h I/s t Am SeW 

flat ade Slde ™ a 

the usual manner 7 ^ OT 6US P ended ^een two pegs in 

then t 32S& d°? *V«* ” «P* m* 
tee, if these vary fr^te? a l b « 3 d ?? 1 , ‘“P 6 for P"" *a d tempera- 

The same len^tT ” mealmrf^twS fttT * COIreot 
corrected ^ tape, and similarly 

he drfSf* ° £ ae field tape “ terms of the standard tape may then 

*£SSSr« 

the^^ThJ 6 :;^-- 1 ? ord “ *•» 

upon the plans, it® „ SuTto^f^ 7 
togth of the base hue to “ta Lmvate fen^ 

everybaseon a si^evL iS ?° ne ’ ^ 

the results (see Base^of v£?*J e to com P ar e 
otherwise if the basS J, enfica ^on, p 385) : 
not reduced to mean f ltltudes ^ere 

would be impossible eve > com P a nson 

Thus if L feet be the length +1. 
ured base AB (Fur 2R4\ len gth of the meas- 

{m ° Jbi )> at an altitude of h feet * 7 , , 

equivalent length AB nt i 7 R °° Ve sea ‘ IeveJ > the 

, A i°i at sea-level will be - t t <. 7 . 

the radius of the earth in feet R + A L feet > where R 15 

The correction to be applied is therefore 

Lfl ~-_ R l_ N | _ T h ] t 
V R + ^~ L ra 0rL S ^arIy, . . (19) 

ft nearly/ § e 111 comparison with h. R may be taken as 20,890,000 
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418 SURVEYING 

An error of ± Bh m ihc assumed value of h above sea-level will 
thus produce an error of ig Sh It in the calculated length of the 
base at sea-level. 


Example 1. — The following base was measured for a topographical survey. 
The standard (ape, correct nt GO 0 F , was stretched over two supports at a 
temperature of 76° F , with a pull of 30 lbs 

The field tape, with 20 lbs pull at 72° F, was apparently 0 0455 It longer 
than the standard. 

The measured apparent length of base going out was 1000 ft 
'J’hc measured nppnrcntlcngth of base returning w as 1900 03C0 ft. 

The mean temperature going out = 65 4° F 
The mean temperature returning =03 5° F 
The weight of the standard tape =3 4916 lbs 
The weight of the field tape =1 4759 lbs 
The sectional area of tliestandard = 01030 sq in 
The sectional nrea of the field = 00439 sq in 


Comparison w ith Stnndnrd — The true length betw ccn the scratches made when 
impnung the standard with the field tape is calculated from the standard tape 

Standard Tape 

Correction lor poll-g It - Jl,” 1(i . - 00965 ft 

Correction lor s.^"?-! 00 ^®- 050* It 

Correction for tempera ture=(L .a 16°)=(100 x 00000625xlG)= 01000ft 
Thodistnnco between the scralchcswns therefore 100+ 009G5- 05644 + 01000 
:99 9G32 ft 

Field Tape during Standardisation —For the purposes of the corrections, the 
nglh may bo assumed to be 100 ft at G0° F , so that 


rtimvilion for null: 


PL 


n 


20x100 _ mr. 9 . ff. 
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{ 
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l 
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. 100 x (1 4750)- fl997 ft 

Correction for sag= — °“ 27 “ ’ 

Correction for temperature =L a. 12°= 0075 ft 

II L is lliotrno length ol the field tape nt 00" F, then L+ 0152 - 0227 + 0076 

=00 0032+ 0155 It _ L=100 0087 It 

lint 1" J? corresponds to a difference ol 100 X 00000025 = 000026 It , so tliat 

no poll at a tem^tino 

of (GO - 14)° =40° F. 

Measurement of Base _ 

Correction for pud =19 x O 1 ^ 2 ~ ^88 8 

Correction for Bag= 19 x 022 1 - 00000625 * (65 4 - 46)= 2304 

Correction for temperature (gowg 00 000625 x (63 5 - 46)= 2078 
Correction lor teinpcratnro (retnrning)-^1000 g renco l m IcTC , betnren 

Correction lor inclination. In the lust bay ^ (_35)r= 00001. 

the nccs=0 35 ft Therefore correction m 100 ft — j x 1Q0 

_ . . +.,= „n,„ r corrections for slope yield a total of 1180 ft. 
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Reduction to Sea-Level. The height of the base above mean sea-level being 
about 100 ft , the correction to be applied 

_ 1Q0 x 1900 _ oqqi £{• 

20,890,000 0091 ' 

The total corrections may now be tabulated 

Going out Returning 

Tension . . + 2888 + 2888 

Sag . . 4313 - 4313 

Temperature and Standard . + 2304 + 2078 

Inclination . - 1186 — 1186 

Altitude . . — 0091 — 0091 

Apparent length . . 1900 0000 1900 0360 

Corrected length . . . 1899 9602 1899 9736 

v Mean = 1899 9669 ft 

\ 

Tho difference between the two measurements is thus 0134, and the 
“ accuracy ” is usually expressed by the fraction 


0134 1 . 

3800 353,000 nearl y- 

Appljnng formula 13 on p 513 we get a probable error of 


674. / 2*( 0067)2 

± — r m - im 1 approximatcly - 

It must be noticed, however, that 

(1) The theory of errors is not reliable when apphed to a small number of 
values — in this case only two 

(2) The figure — [ ^qqq oa ty takes into account compensating errors It 

gives some idea of the accuracy with v, Inch the actual work was carried out, but 
M as k° *' rue length of the base. For instance, the same figure 

would be obtained were there an appreciable error m the standard tape, or if the 
assumed altitude were incorrect, etc 

tlie s P nn € balance used in the example above was incorrect, 
and recorded 1 lb in excess of the true pull in each case, what would be the result- 
ing error m the computed length of the base ? 

Standard Tape —The apphed correction for pull willbe too large by an amount 
-p * 00965= Ax 00965= 00032ft 

The apphed correction for sag will be too small by an amount 
/25P 3 5P 2 \ 


5P 2 \ 

pa-Jx 05644 = 00395ft. 


huS&ffiSS 011 the pces " lil th ‘ ,rrfore •» ^ 

“mV 3 the a PP arent len gth of the field tape 00427 ft too great 
Field Tape —The apphed correction for pull will be too large by an amount 


2qX 0152 = 00076ft 


The apphed correction for sag will be too small by an amount 
(A + 55 o) X 0227 = 00244 ft. 
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tlto ai)pilrcn°Tcngth°of'Vho fidVta^ too email fche ®, e ^ rrors wouId tend to make 
tape Mould bo 00320 loo small P 00 8ma,J ' nnd *l»o computed length of tho 

longUiouftcld tupf OW^T-OoSo-^OlO^ffcT 8 ,S ‘ 0 f“ le tbe n PP arent 

n measuring tho Case mo nowSc^MSZ^s oTf^ror 
a) Prom mistaken length of field tape = 19x 00107 = 0203 
( ) I'r om corrections for tension and sag =19 x 00320 = 0G08 
Tho apparent length of tho base is thus too long by 081 1 ft 

ft A Pr0babl ° crror of lb » the pull would produce an er^Hbout ± 022 
See also Exnmplo 5, p 424. 

Extension of a Base— In the case of topographical triangulation 
the lengths of the sides of the triangles are not excessively large, being 
often of the same order as the base itself Consequently m such cases 
it is usually possible to employ the measured base directly as a side 
of one of the triangles 

Iii a primary triangulation, however, the sides of the mam triangles 
are 30 to 60 or more miles m length, while it is not usual to meas°ure 
directly a longer base than 6 to 10 miles For one reason, it is often 
difficult to secure a suitable site upon which a longer base can be 
measured , but even when it is quite possible, it is not advisable, as an 
accurately measured base of shorter length can be extended by means 
of a subsidiary triangulation with as great a degree of accuracy as a 
long line can be measured directly 

There are several methods of arranging this subsidiary triangula- 
tion ' ° 

(1) To prolong the base AB On each side of AB (Fig 265) choose 

stations C and D, which are clearly 
visible from A and B, and which form 
well - proportioned triangles Then 
in the line AB prolonged, choose 
a favourable position E from which 
C and D are both visible, and 
p which forms well -shaped triangles 
ACE and ADE Thus if the angles 
at A, C, D, and E are approximately 
45°, and those at B are about 90°, 
both sets of triangles (on AB and on 
AE) will be well proportioned 

The theodoliteis thensetupat each 
Fig 265 — Verification Triangulation of the stations A, B, C, D, E, in turn, 
of a Base Lmo and the angles subtended between all 

the other stations are observed 

From the triangle ABC, the three angles being known, and the 
side AB measured, CB can be calculated , after which BE can be 

calculated from the triangle CBE . t , . .. 

Similarly BD can be determined and BE calculated from tiie 

triangle BDE 


I 
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Also if AC is calculated from the triangle ABC, AE, and hence BE, 
can be found from the triangle ACE. Similarly AD can be calculated, 
and AE and BE found by solving the triangle ADE 

Thus a number of values for BE can be obtained, and the mean 
of these will enable the length to be determined with considerable 
accuracy. 

The base may then be further extended to F, and the process 
repeated as many times as is required 

The method shown m Fig. 265 may also be employed as a check 
upon the accuracy of a base line , e g let AE represent a section of the 
measured base, and B be a point on this, whose position was deter- 
mined during the measurement Then assummg the length AB to 
be correct, the length BE can be calculated through the triangles 
ACB, ACE, ADB, ADE, as explained above. 

A comparison between the measured and calculated values of BE 
then affords a check upon the accuracy of both AB and BE. 

(2) A more common method of extension is shown in Fig. 266, 
where AB represents the measured base 
as before 

Two stations C and D, visible from A 
and B, and from each other, are chosen 
on opposite sides of AB, to form well- „ 
proportioned triangles— in this case, as L 
nearly equilateral as possible because 
there is no point upon the extension of 
the base to be considered as in Fig 265 266 

The angles at each of the four points, Extensa of a Bose Lino 
subtended by the remaining three, are 

then observed , the length CD calculated from the different triangles 
and a mean result adopted ° * 

Then, by the use of such stations as E and F, the line CD may be 
extended in a similar manner , and the distance EF computed. 

Proceeding m this way, a suitable extended base may be deter- 
mined, its length bemg comparable with those of the sides of the 
primary triangles, and the positions of its extremities such that they 
are adapted for the observation of the primary tnangulation angles 

Ihe exact method of triangulating depends very largely upon the 
circumstances of each particular case, and it is impossible to lay down 
any exact method of procedure to be adopted in every case 

be ?? ted> b ° wever > that the whole extension must be 
O iSVl l ne R robi l6n ?’ a £ d as a senes of separate problems Thus 
£ ° b ® ^ 6x6(1 untl1 tbe positions of E, F, and 

tSf^a^nmnf located ’ because lfc 18 important that 
the final points should be as favourably situated as possible with 
reference to the mam tnangulation p 

Fig 248 shows the manner in which the Kroonstad Base of the 
Transvaal and Orange River Colony Survey was extended 

of InL wL e rnld mamier m WhlCl1 fte S “ 0nj base o£ Smve ? 
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SURVEYING 


Accuracy. — The chief sources of error in base-hne measurement 
may be summarised : 

(1) Error m the standard measure or reference tape or bar 

(2) Error m deducing the length of the field tape or measuring bars 
from the reference, and m deducing the length of the reference from 
the standard measure 

(3) Error due to the pull m a tape not being exactly that allowed 
for m the calculations , or the pressure at contact m the case of rods 
being variable 

(4) Error m the determination of the cross-section of a tape, 
affecting the correction for pull 

(5) Error due to the incorrect determination of temperature : 

(o) In standard measure, 

(b) In reference measure, 

(c) In field measure 

This error may occur m the comparison of the reference with the 
standard, or that of the field measure with the reference, or in the 
actual field operations 

(G) Error due to the coefficients of expansion of the various metals 
not being accurately known 

(7) Errors m alignment , . . 

(8) Errors m the determination of the inclination of the line. 

(9) Errors m reduction to mean sea-level 

(10) Personal errors in reading scales, bisecting and marking 

tC r™i U i) Ij^splacement of the marking pegs in tape measurements, 

”” 1 The S SSg P o^a “fewS^es of the accuracy obtamed m vanous 

CnS Tke p e of seven bases in Russia , 1 measured with Struve’s bars, 

“Swta' at Beverloo and Ostend, measured mth Barfs 
apparatus, gave p e W ±0 59pand ±0 45 p respectively m lengths of 

2300 and 2488 metres « (USA) was measured three 

The Atalanta 1 base m Georgia fu d a ^ dmded mto 

times with the US appara us, p was calculated 

ranea 

fo Itl 1 mea— of tte e 

1-7 miles m length, m South In , measurement with the 

{exclusive of all constan erro ^ ord i na ry conditions, but that if 
Colby apparatus 'roa ± 1 “P ™a > d.fierencra m tempera- 

2SBT ST £ “ d m tlat “ p ° 0 

fiTe lasffl o£ a ° GMdei “ 

' " i Clarke, Geodesy 

s Report of GT Survey of India 
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BASE LINE MEASUREMENT 


Survey of tie Transvaal and Orange River Colony Ms given below 
They were measured with mvar tapes, strained with a pull ot IU 

kilogrammes 


Base 

Length in 
Miles 

No of 
Sections 

Probable Effect 
of Systematic 
and Accidental 
Errors in 
Measurement 

Probable 
Effect of 
Error 
in Height 

Probable Effect 
of Sjstematic 
Errors of Bars 
and 

Thermometers 

Probable 
Error of 
Base 

Belfast 

118 

8 

±0 725/i 

±0 278/t 

±1 OGo/i 

±1 318/4 

Ottoshoop 

10 8 

8 

±0 526/t 

±0 383/r 

±1 065/4 

±1 248/4 

Wepcncr 

13 5 

6 

±0 295/i 

±0 484/i 

±1 065/r 

±1206/4 

Kroonstad . 

12 3 

G 

±0 311 k 

±0 436k 

±1 065/t 

±1 192/4 

Houts River 

211 

8 

±0 526/r 

±0 354/x 

±1 065/4 

±1 239/t 


{ 


In the measurement of the geodetic 2 arc of the 30th meridian 
west of Lake Victoria, a base 16| kilometres or 10£ miles long was 
measured with mvar wires The line was subdivided into sections of 
about 1 kilometre, and each was measured twice, employing different 
wires Some sections were measured three times 

The computed p.e of the base, talcing into account all sources of 
error, was ± 14 92 mm , or 1 m 1,108,000, ie ±0 90/x 

In the Lossiemouth 3 base, measured in 1909, with 100-ft. invar 
tapes, aligned with 5-in transit theodolites, the p e was ± 1 m 
900,000, or ± 1 11 n The total length was nearly 23,526 ft. 



EXAMPLES 

1 (U of L ) Describe, m detail, the field operations necessary for measuring 
a long base line with extreme accuracy by means of a steel tape or wire. 

Enumerate the corrections that must be made. 1 

A lino, 2 miles long, is measured with a tape of length 300 ft , which is standard 
under no pull at 60° F The tape in section is £ m wide and ->fr in thick 
If one half of the line is measured at a temperature of 70° F and the other half 
at 80° F , and the tape is stretched with a pull of 50 lbs , find the correction on 
the total length Coefficient of expansion=0 0000065, weight of I cub. in of 
steel=0 28 lb , E= 29,000,000 lbs per square inch , 

2 (U. of L ) A steel measuring band 200 ft long is used for measuring a 
line about 1000 ft m length The band is held clear of the ground at every 
setting, and the ends are supported on pegs at the same level and are pulled by 
hand, through a damaged spring balance, the readings on which are uncertain, 
but it is definitely known that the pull is not less than 30 lbs nor more than 
50 lbs The operation is repeated five times Within what limits is the length 
known after allowing for the clastic stretch of the tape and for the sae ? 

Width of band, 0 20 in. b 

Thickness of band, 0 02 in 

"ioung’s Modulus of Elasticity, 25,000,000 lbs per square inch. 

1 Report on G Suney of 8 Africa, voL m. 
a Brit Assoc. Report, 1910 

B Ordnance Snneij Professional Papers, New Senes, No 1. 
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3 (f.C K } A stool tape >« 100 ft long between the end graduations at a tcm- 
pO'nturefiO'’ P when lying horizontally on the ground Its sectional area is 0 0103 
p<], in., its weight is 3 10 lbs , and tho coclhucnt of expansion is 0 0000005 
for 1 ° F. Tho tape is stretched our two supports, approximate)} 100 ft apart, 
and is nlso support! d in the middle, the three supports being at the same loud. 
Calculate the actual length between the end graduations under the follownng 
conditions : 

TomiK*Rtturc«7fl° F, pull on tape =20 lbs 

W 2 I 

Sag correction® cf ^ ft , 

where \Y*- weight of “ unsupported "length in feet, Lof the tape, P= pull in lbs. 

Pull correction *=VjLf92 ft , 
aE 


where <t ~ sectional area in square inches, E= 30,000,000 lbs per square inch 

4 (U of B ) A lia^e line w ns measured and found to be 4518 30 ft long before 
am com r turns were applied The measuring tape, supposed 100 ft , was 0 03 ft 
long on the r< fortmee tai>e at 00’ F , while the reference tnpe was 0 04 ft short of 

fi,n The temileniture of base during measurement w ns 73° F , and the height of 

1 1'° Fort lio find 2000 f the base had a down slope of 1°, and for the remnindcr 
on upward slope of T-SO' 

Tilt* sainc ptS, nnmVlj°! 20 lbs , w ns applied during measurement and standard- 

‘^tTo weight of the tape was U lbs , and the radmsof the earth maybe taken as 
20,000,000 ft 

r,. What errors m the computed length rcM ° m * 

“ Sfc - 

i \ 1 IP il»”m tlio . nine ol E (o) in the standard tape, ji) m fta dold tape 
£ • £ M f ..“mod U ttfwrj gjmga bap pr*. 

<'„* J ° d c™T«rS§<^So value of . (a) tor tho o.andard ..pc, 

1 J (6) for the field tape. 
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tne bnef proofs of those formulae for the so] 

£ C w r i? mv f ved “ the determination of azimuth, latitude, etc. 
For further information the reader is referred to any of the well- 
known treatises upon Spherical Trigonometry. 

of ifc 1 *r gl T “ that tean g le is tamed upon the surface 

of a sphere by the mtersection of three “ great ” circles There Zt 
eight such figures formed on the sphere by the ^ 

three circles and that which is considered is 
the one which has two if not three sides less than 
a quadrant, or otherwise, if three planes meet 
t a point 0, the mtercepted space is termed a 
solid angle as m Euclid XL ; so that if a Shere 
is then described with 0 as centre, the traces 
o he three sides of the solid angle upon the 
Sjj of the sphere fa.*.* *£* 

sSSlrfsai-J: 

greatest circle t S whmh^hasVr^if 6 Sph ? re 18 a ckcle » and the 
* e a ^eat circle Consequents i ^f? 8 e T ual to that of the sphere 

itt* ™ = 

ffl 4 pb ’ P 433 >' s ^ ‘ Clrole thl ough A and B 

tie third/bSmfMy two P rfft al t‘ angIe are together greater than 



.■ ■& * - 
V. 


5 r * * 


■v 

1. 


-A? 


y ♦ 





A 


k y 

4 / 







■ 3 

;v 


%■ 

r J , 


y,- (f 1 , * 

&t-'" - / '> * < > , 

¥ S 


i / 'f 

* i 

,*'.;iiv « 


. v * 


n 



><& 


* 

* i 

i 
« 

! 

i ;iM,» 

1 1 1 « ! i 

! * $ ' 

1 * 1 \\\ 
5 


1 i 


' %4 ’ 

fV 


2 ■*: 




jj&S 

Jr >i 

i 


’ . ,!<• 

» • v 

>. .f, 

1 f ■; 


i 

» * 


\ 


I 

L 

ii 

I I 

! 

i'jV 

l> I 

/‘ll'i 

’ ii 1 

f !t 




, 1 1 ;*,» 
<■ i ,.» 

• ' •* 




1 > it 

I > 


itj' 

i i‘‘ 
1 ’ m 


I! 




'il 


*’ ** % 'A ‘^ji?V r 

iJsSr ® . ,. .»■ ” 



». t, M*‘ 


* " *‘V. 


*v k, 
’\*s 


'* ja 

>* 


t 


„'V * 

V** - . i 
4 « i 
* , j 

V 'r j '€ > 



<1» , ^ 

,v„ 

1 *,1 * 

* 4 *-^ *k 


426 


SURVEYING 


quently, as the arcs AB, BC, CA, are proportional to the magnitudes 
of these angles, any two are greater than the third 

(3) The greater angle is opposite the greater side, and vice versa 
This may be proved from the equations deduced below, eg the 
sine rule (4) 

Let ABC (Fig 267) be a spherical triangle, and 0 the centre of the 
sphere The “ parts ” of the triangle are then 

(a) The three spherical angles A, B, and C, measured m planes 

tangential to the sphere at those points 

(b) The three sides, t e. the arcs BC, CA, and AB, denoted by the 

small letters o, 6, and c, respectively, as m plane trigonometry, 
and expressed m terms of the angles BOC, COA, AOB, sub- 
tended at the centre 0 of the sphere 

(c) The area S of the triangle ABC 

Draw AE and AD at right angles to OA, t e tangent to the sphere 
at A, and in the planes OAC and OAB respectively 

Join OB and produce this line to meet AD in D, and similarly join 

OC and produce this line to meet AE in E. 

Then the angle EAD is the angle A of the spherical triangle 
Now in the triangle DOE we have by plane trigonometry 

DE 2 = OD 2 + OE 2 - 2 OD OE cosEOD . (1) 


Similarly, m the triangle DAE we have 

DE 2 = AD 2 + AE 2 - 2 AD AE cos EAD . 


( 2 ) 


Subtracting (2) from (1) 

(OD 2 - AD 2 ) + (OE 2 - AE 2 ) + 2 AD AE cos BAD ^ 

But OD 2 - AD 2 = OA 2 = R 2 , where R is the radius of the sphere 

Sim l 1 f riy AO^R Ji £n = iWD te K fane, OD-E sec e, AE-E tan 6, 
andOE-R sen b, because OAD and OAE are both right angles 

Substituting m the above equation, nna „\-c\ 

R 2 + R 2 + 2R 2 (tan c tan 6 cos A - sec b sec c cos a) , 

or canceling 2B^ # ^ & ^ ^ , SM . „ a -0, • 

or mn« b sin . « A. . . P> 

By transposing equation (SJr ™ b c03 „ 

cos 4 sin b sin e 
But 

sm 2 A = 1 - cos 2 A 

/ rns a - cos b cos c\ 

= — " B in 2 6 sure 
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Substituting in the numerator (1 - cos 2 6) for sin 2 6 and (1 - cos 2 c) 
for sm 2 c, and simplifying, 

- o i 1 - cos 2 a - cos 2 6 - cos 2 c + 2 cos a cos & cos c 

sm 2 A = o ~7 5 > 

sm 2 & sm- c 

. sm A _ \/l- cos 2 a - cos 2 b - cos 2 c + 2 cos a cos b cos c 
sm a sm a sm 6 sm c 

But the expression on the right-hand side of this equation is sym- 
metrical m a, b, c, so that if these values are mterchanged in equation 

(3), we shall get exactly the same expression for and for SU1 ^ 


. sm A _ sm B _ sm C 
sm a sm b sin c * 


sine 

( 4 ) 


S 




This equation is known as the Sine Formula, or the Law of Smes. 
By transposing from equation (3) agam. 


cos A = 


cos a - cos b cos c 
sm 6 sm c * 


•\ 1 - cos A = sm & sm c + cos 6 cos c - cos a 

sm b sm c ~~ 

_ cos (6 - c) - cos a 
sm 6 sm c 

Applying the plane trigonometrical formula cos S - cos T= - 2 sm 
S + T S — T 

2 sm ~2 » ^here S = (& - c) and T-q, 


1-cos A= 


o b-c+a b-c-a 

- 2 sm — g — sm — ^ — 

sm b sm c * 


i 


or writmg 2 sm 2 ^ for (1 - cos A), dividing by 2, and writing s for 
a + 6 + c 



V 


V; 


■ * 
/ f 

/ i 


// 


sin 2 - = 8m ( s ~ °) Sln ( s - b) 
2 sm 6 sm c 


. (5) . 


Similarly 1 + cos A = s * n ^ s * n 0 ~ cos & cos c + cos a 

sm b sm c 

^ cos a - cos (5 -f cl 
sin b sm c * 
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Applying the formula cos S - cos T= - 2 sin S + T sm SAT 

writing cos 2 ~ for £(1 + cos A), and s for - +b + c 

2 * 

cos 2 - = sm * sm (s-a) 

2 sin b sin c ’ * * • (f 

Dividing (5) by (6) we get 

tan 2 A „_ sin (s-c) sm ( s - b) 

2 sm s sm (s-a) * * • 0. 

Erom equation (3) 

cos a - cos b cos c=sm b sm c cos A, 
and similarly cos b - cos a cos c= sm a sm c cos B, 

or writing sm b=n sm B, and sm a — n sm A, 

cos a - cos b cos c = n sm B sm c cos A, 
and cos b- cos o cos c=nsinA sm c cos B. 

By adding we get 

(cos a + cos 6)(1 - cos c) = n sm c (sm B cos A + sm A cos B}, 


or substituting -gg | + sin & f or n f as sina == sm6 = Bm_ a ±sm b -J 
° sin A+sm B L sm A sm B smA±smB J * 

(cos a + cos b)(l - cos c) = sm . g + sm ^ sm c . sm (A + B), 

sm A + sm B 1 7 ’ 

or sm a + sm b _ sm A + sm B (1 - cos c) 

cos a + cos b sm (A + B) * sm c 


Applying the plane trigonometry formulae, sm S + sin T = 2 sm 

S+T S-T j q m n S+T S-T 
— s— cos — s — and cos S + cos T = 2 cos 0 - cos „ , 

2 / ^ / 


2 sm ^ (a + 1) cos ^ (a - b) _ 2 sm \ (A + B) cos \ (A - B) 2 sm 2 \ c 
2c os' ^ (a + b) cos \ (a-b)~2sm \ (A + B) cos| (A + B) 2 sm -} c cos| c’ 

therefore cancellmg, 

tanj( at 6)- c c °°|^-g tan| . . (8) 


Similarly if - SU1 ? — sm is substituted for n above, 

J sm A - sm B 
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Another formula which is sometimes required is 
cot A sin B= cot a sin c- cos B cos c. 

This may be derived as follows . 

nnf. A sm T^ cos A sin B _ cos A sm b 
sm A sm a 

_ (cos a - cos b cos c) sm 5 
sm a sm 6 sm c 

Multiplying cos a m the numerator by (sm 2 c + cos 2 c), i.e 1 and 
cancelling sm 6, we get J * 

cot Asm B= CQS a ( SIn2 c + cos2 c ) - cos 6 cos c 

sm a sm c 

~ c °t a sm c - cos B cos c. 


’t 


When the angle A is 90° this reduces to 

cos B = cot a tan c. 


( 10 ) 


. (10a) 


App^tom f0ImUlae *" ° oIleoted “ d “dated with others in 

of : i: »*, 

exceeds two right angles bv an amount i? ane tea ?S^ e » but their sum 

The magindeTl t£ LSS kn °' m as “ S P^ Excess. 

fiSa* 6XpreSSed m de g rees by the 

fl= area of triangle 

^ X180, (11) 

where R is the radius of the sphere. 

This may be proved as follows • 

Let APTV and AQTU (P lg 268) 

kt POVn te f eCtU ¥ «"“* circles, and 
let PQYU be a third great eircL at 

r^ht angles to the plaL of the first 

the jLtuTg^tV ~ of 

the era'dS ^“bon Apfe* 16 splMire “ and consequently 
JlQ g/ _ A Q/ 

2wR 2? r w bcre A is in radians, 

~m S ' where A is m degrees 
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Fig 2G9 

Therefore by addition 


ns and owing to the symmetry of the fi«Tne 

^ e ,/°Y on the one hemisphere are similar 
to the four on the opposite hemisphere 
. * r ° m the relationship shown above, it 
is easily seen that in the figure where the 

EgJL^ 80 " 8, BCD = a> CDE =A and 

S + “=3T0 S > 

S + y= 360 S ’ 

S + P=JL S', because IDE = ABC = S. 


2S + (S + a + /S + y) = Jl(A + B + C) 

But S + a +fi + y comprises the area of a hemisphere, jc 

• 2S+ I'-Jb ca+b+c >* 

or 2S = J^(A + B + C-180°) 

obU 

Again, A + B + C - IS0° is the spherical excess e of the triangle, 

„ 2.S 360 
S' ’ 

area of triangle 10no 

or c = j ■ 7 180 

area of quadrant 

- A 180 ‘ 

For the application of this formula see Chapter XIV p 392 

A few miscellaneous applications of Spherical Trigonometry— 
apart from the astronomical observations in the following chapters— 
will now be considered 

Convergence of the Meridians — If A and B (Fig 270) represent 
two positions upon the earth’s surface, the straight line AB, being 
the shortest distance between the two points, is an arc of a great 
Circle 

* The Azimuth of B from A is the angle included between the 
'plane of this great circle and the plane of the meridian at A, 
while the azimuth of A from B is the angle included between the 
plane of the great circle through AB and the plane of the meridian 

*at B 
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But the meridians through A and B are not parallel : they con- 
verge and intersect at the pole P, and the two angles A and B of the 
spherical triangle PAB are not together equal to 180°. In other words 
the azimuth of AB, as determined at A, is not identical with the azimuth 
of AB (not BA), as determined at B. 

The Bearing of B from A is the angle included between the nianel 
of the great circle thromrli AR nnrl , P ane l 


B v s vsssAtt sSTd that tae 

180° aS A^rK-ll 1 : 5 r$T 5 •• *fc— between 

« ***** *-* d t^AE Z\T2 Zta, ng i? 

Tbe known data m the tangle are therefore 

^P 

AP = 90-Z, 

BP = 90 - l v 


•***»! ** 1 « w w* .» w > ***WWHfc 


, — l iT — " T . & lcau may De the meridian through A / 
S BfromT 16 bCan ° g ° £ B from A “ with the azimuth! 

mS A A and C B bXf 7 * 18 T ^ t0 the «"«* of A from t 
equ^ton d B b h UP ° a the S " me mericban > or bot h upon the , 

The bearrng of AB is identical 
whether detemuned from A or from B. 

Suppose a traverse or tnangulation 
survey commences with a hne AN /\a/ / \ 

and the azimuth (or bearing) of this / \ ysjL \ 

from the meridian at A is detemuned. / \/ 7x \ 

Ihen, after working through a con- / 7* \«p \ 

siderable distance, it is desired to \ ^ 

check the accuracy of the work by 1 S *\ 

means of an astronomical observation \ 4 | \ V / 

of the azimuth of a line, say BM \ a S \ \ / 

The bearing of BM with reference \ \* \ V 

to an axis through B paraUel to the V \\ / 

ongmal meridian AP is calculated by ^ 

the method of co-ordinates as ex- ^ 

plamed m Chapter V.; but the Fio 270 

axis, but to a meridian through ti mi i. 

on^nal meridian at the poles 8 ’ k ° h COnver S es an d meets the 
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i e. 


t.e. 


le. 


or 


By the application of formula 7, p. 517, 

tan^=S2Lfca co tiP, 

2 cos^(a + 6) 8 

tan A + B = cos j(9Q- -90 + 1) . Z 2 

2 cos |(90 -Zj + 90-/) 2’ 

co t.(90-A^)-55lM^cot.^, 

\ 2 J Bin £(/ + y 2 

ootS-SSSiblJorti 

2 sm £(/ + y 2 

tan 01 = tan ^ HKLtM 
tan 2 tan 2*cos|(*~y 


When AB is small compared with the radius of the earth, we may 
substitute for the tangent of the angle the value of the angle m radian 


measure, i e. 


U 


sm 1(1 + 1^) 
cos 1(1- l x )‘ 


. (12) 


This equation is equally true when q and l 2 are both expressed in 
minutes or both m seconds, as this result is obtained by multiplying 

each side of the equation bv the same factor 

When A and B he upon the same parallel, t e. when l-h> the equa 

tion reduces to /j2 a ) 

wi^n A and B lie upon the same meridian ^ = 0, and c, « 0 Also 
JS& B Se upon L equator 1-4 - 0, and hence from equation 

^mcreases m value as l and f, approach 90°, aud tends to the 

‘“Iflhetot.tude and longitude of the ^ t?d 

^departures ^(or «“* 

may give (for vsnous^tudes, 

the lengths m feet or other umts, f 1 b l ted wlU depend upon 
both latitude and longitude The v^ues^ pp 435 . 6) 

«“ rafeaf “may™ suffimtt to eons.der the earth as a sphere, and 

^calculate the required ™ tdop\ed by the US Coast and 

**ir*Sg-i n W lleTSnnte of longitude van. 
at tte^r — nde to an arc of 1 U ™,les 
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n/wSv 1 ? a surve 7 inducted from A in lat N 49 ° o*/ , , 

In formula (12) / 2 =21'-61'= 12G6 ff 5 , 

i(f+? 1 )=48°-46'-15' 

i(/-~/,)®H / - 10 ' > 

log 1265 5=3 10261 
log sin 48°-46'-15*=r 87626 
log sec ir- 10 '= 000002 
log Cj =2 97887“ 

• c=952 42 seconds 
— lo'-52¥ about. 

nalfrS ^"^'duilfsfc afc P A mt Tbit str^M f°° N ’ a stra ^t Ime Is 
Sfrom** t0 R »“* ^ latitude ofB and Jf it £% " P"*4d 5 60 

t0 ^ dti ° 

J l! *g^«?5S.T “ e * * e eart/i ’* /^r P * 

earl^ reat 0urc ^ e ’ and su bt e n ^ l 60 '«l“ I at ti^cen^of^the <. / /* 

i “SS!?S“ k “% of w th ° 

Ime, is a portion of tKreat 3 h and a j° ng a straight ' Sf* 

tto s h .l •§??, — «. 

« -W-W-«., «= °t equation 3, p. «, ^ 

■’‘ ' osM =«S!lO» cosl"+sm40" sin 1 " „osD 0 » 

—cos 40° cos 1 ° as cos 90°=Q 

log cos 40°= r 8842540 
log cos 1°= 1 9999338 

Io S cosPB ”fis«87S 

Bat 

PC =40°, 

” 1 ‘»o7n^ B S ”?”?“! mte 30 ' 0 ' ^ 

toa^p 43 V. “ by the application of the sine formula, i e e,„ a . 

iiSJL-. sm 90° 
sm 40 ° s-MicP^eS- 

log sm 90° =0 0000000 
, l0 S sin 40°=rT sn»nfi 7 « 

hscom40 ’-o'<iH,ojmm 

lo s s “iB-^g^r 

B=88 o -48'-40' 
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EXAMPLES. 

v' 1 In the example on p 433 find the difference in longitude between A and B, 
and from this deduce the convergence of the meridians, and the value of the 
angle at B. 


2. (U of L ) If, startmg from a point in latitude 50° north, it is desired to lay 
out a “ straight lino ” on the earth’s surface, which will be again m latitude 50° 
at the end of 60 nautical miles, m which direction will it be necessary to proceed ? 
Determine the angle with the meridian of the starting-point At the end of 
thirty nautical miles along this Ime, how far (in nautical miles) would the 
observer bo from (a) the 60° parallel of latitude, (b) a “ straight line ” running ^ 
duo east (or west as the case may be) from the starting-point, assuming the 
earth spherical ? 

(A 7 B One nautical mile subtends 1 minute at the earth’s centre, and in 
spherical trigonometry if C=90°, cos A=tan b cot c , cos c=cos a cos b , and 
sin a=Bin cam A) 


3 (I 0 E ) What is the difference between “bearing” and “azimuth”? 
Expl ain what course on the earth’s surface would bo followed by the following 


(a) A line laid out with a fixed azimuth of 85° 

[b) A lme laid out with a fixed bearing of 85° 
is in lat 60° N. m each case. 


The starting-point of the lme 


4 (LC E ) A certain boundary line has been defined as a line running due 
east from a given point Describe the operations needed so as to trace the lme 
for 15 miles, and fix monuments on it at intervals of 1 mile. 
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Chapter XVI 


ASTRONOMICAL TERMS 

The Shape and Size of the Earth.— It lias already been explained in 
Chapter VI that the figure of the earth as defined by the imaginary 
mean level of the sea is very irregular. This figure, termed the 
“ geoid,” has_thejhstmc.tive-property that its surface at.anyjpomt lies 
in a plane tangential, to th e„dureetionjof, gravity at thatjimnt 
“'To simplify calculations, however, some more or less regular 
figure must be assumed as an approximation, and consequently the 
globe is usually considered either as an oblate spheroid, or, for many 

purposes, as a sphere. , . , , . 

A sphere may be defined as that figure which is formed by the 
revolution of a circle or a semicircle about its diameter every point 
on its surface is thus equidistant from the centre 

Similarly a spheroid is the figure traced by the revolution of an 
ellipse about one of its axes , when the major axis becomes the axis 
of revolution a Prolate Spheroid is formed, and when the min or axis is 
the axis of revolution an Oblate Spheroid is the result 

The earth then is often considered as an oblate spheroid, the semi- 
major axis of the ellipse (or the equatorial radius, a, of the earth), 
being approximately 20,922,932 feet, while the semi-minor axis of 
the ellipse (or the polar radius, 6, of the earth) is about 20,853,375 ft 

The elhpticity is expressed by the fraction -- ---- which reduces to 


a 


69,557 


20,922,932 300 80’ 

left ^2 

and the eccentricity is expressed by the fraction — , 


which 


reduces to 0 0815 

The figures given above refer to the spheroid adopted for the 
Survey of India, and are known as Everest’s First Constants. 

Everest’s Second Constants, though not used on the Indian Survey, 
give a— 20,920,902 ft, and 6 = 20,853,642 ft, the elhpticity being 
1/311 04. 

The standard of the U S Coast and Geodetic Survey is Clarke’s 
spheroid, in which c= 20,926,062 ft , and 6 = 20,855,121, the elhpticity 
being 1/294 98 

In Clarke’s later spheroid (1880) a = 20,926,202 ft, and 6 = 
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wrS’om’ *¥?,“ K 6 ? ?^ e o£ 1858 ®= 20,926,348, and 6. 
JO, 800,233, and the elhpticity 1/294 26 

During the years 1903-6 the US Coast and Geodetic Survey 

r a S?M d th . at the !l est vaI “ e ?, for the United States would be, a= 

of 1/(297 8^09)’ ™ a pr ° baJ e error of * 74 metres > and elhpticity 

on oYn h nn c ? nsidered 88 8 sphere the mean radius may be assumed as 
20,890,000 feet 

Motion of the Earth — The earth revolves about its minor or 
shorter axis, on an average, once m twenty-four hours This axis is 
known as the Polar Axis, and the points at which it intersects the 
surface of the earth are termed the north and south Geographical or 
Terrestrial Poles , while the trace upon the surface of the globe, which 
is made by any plane containing this axis, is termed a meridian Thus, 
if the earth is considered as spherical, each meridian constitutes 
a complete circle, while if the earth is considered as spheroidal, 
each meridian traces an ellipse The intersection with the surface 
of the globe, of any plane perpendicular to the polar axis, is a circle, 
whether the earth be considered as a sphere or as an oblate spheroid 
The particular plane which passes through the centre of the polar 
axis, and at right angles to it, is known as the Equatorial Plane, while 
its trace with the surface of the globe is known as the Equator 

If the earth is treated as a sphere, any plane passing through its 
centre traces out upon the surface a circle known as “ a great circle,” 
and other planes trace out “ small circles ” 

In addition to the motion of rotation about its own polar axis, 
the earth has a motion of rotation relative to the sun, in a plane 
inclined at an angle of about 23°-27' to the plane of the equator, the 
time of a complete revolution being a year (see below) 

According to Kepler’s First Law, the earth’s orbit or path is elliptical 
m shape, and the sun is so situated that it occupies a position in one 
focus of the ellipse 

When on December 31 the earth is at the nearest point of its 
orbit to the sun, it is said to be in Perihelion, and when on July 1 
it is at the most distant pomt of its orbit from the sun, it is said to be 

in Aphelion. ,, , 

Kepler’s Second Law states that the velocity of the earth in its 

orbit is not constant, but the motion is such that the radius vector, 
which joins the sun to the earth, sweeps over equal areas about the 

sun m equal intervals of time , , > 

The phenomena of night and day are the result of the earths 

rotation about its polar axis, while the " seasons are due to the 
annual motion of the earth m its orbit round the sun 

Solar System —Like the earth, other heavenly bodies move in dis- 

ml rale tom tie mm, ere termed « supenor planets 
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Thp « periodic ” tune of a revolution vanes, mcreasing as tbe 
J£ a more tot: thus Mommy has a periodic tome o£ about 

8 days, and N«ta | of. neariy 1® ^ are smaBer celestial 

c-r at ss 

iM & at Uast°elght, P m addition to three nngs, winch are probably 
ro X Se ^rr^ra"^Srand satelhtes, comprise 

"’IK smTowev^isterelyone star m the universe, which includes 
ill the “ fixed stars,” and many of these are vastly greater than the 

i ill 1. n in«Tr tv’tref nmc ftf finfill* OW f Q» 
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The Stars — The “ fixed stars ” are not actually at rest in space, 
but have definite motions of their own, though, on account of their 
great distance from the earth their relative positions appear to alter 
exceedingly little during long intervals of time 

For the purposes of classification the fixed stars have been arranged 
into groups known as Constellations, the stars in each group being 
either lettered or numbered 

Fig 272 shows the chief stars of the Northern Hemisphere. The 
star a m the constellation of Ursa Minor is known as Polans or The 
Pole Star 

Ursa Major is sometimes known as “The Plough,” “The Waggon,” 
or “ The Great Bear," while Ursa Minor is known as “ The Little 
Bear ” constellation. 





« 



.1 


* 




t't* 1- &- 


-Ur 

■vp' 


* 


». V *^ O* V 

\\ , J; 

t -"’ v 


•/ 

r / 1 *jp 

, s .~'\Ku jS 




»\ 

'X 


‘ A " 

a*/**# < 



438 


SURVEYING 


The circle of twelve constellations through which the “ ecliptic ” 
passes constitutes the Signs of the Zodiac 
These constellations taken in order are . 


(1) Aries (Ram) 

(2) Taurus (Bull) 

(3) Gemrni (Twins) 

(4) Cancer (Crab) 

(5) Leo (Lion) 

(6) Virgo (Virgin) 


(7) Libra (The Balance) 

(8) Scorpio (Scorpion) 

(9) Sagittanus (The Archer) 

(10) Capncornus (Goat) 

(11) Aquarius (Water-bearer) 

(12) Pisces (Fishes) 

The nearest of the fixed stars is at a distance (about 25 x 10 l2 
mles) of nearly 270,000 times that (about 93 x 10 6 miles) of the sun 
join the earth, and in consequence of this enormous distance the 
relative positions of the stars appear exactly the same from every 
jomt of view upon the earth’s surface Further, the relative positions, 
vith the exception of a comparatively small number of the nearer 
itars, appear unaltered, even from different positions upon the earths 
mbit These nearer stars, however, appear to have a small motion 
relatively to the other “ fixed stars,” and to trace out small elliptical 
mbits in the heavens, as the earth travels along its orbit 

Tta apparent movement, winch ib quite distinct from any md 

iisplacement of the observer from one position to another upon e 

“ r D^Par»ll« or Geocentric Parallax (see p 445) is the | correc- 
« * be applied 

51 ‘"parallax is the correction 

m the nearest stars to the centre o{ ^ earth ’ 8 orbit, 

St — than one second for the nearest 

° £ To t" er upon the earth the e W*. -a** 

cH wT-S. «-» ° f wl “ a ' the eaia 13 app y 

situated , . t x-L e oortb about its polar axis every 

Owing to the real rotation of th tQ rotate about the 

twenty-four horas - ‘ h f %°^ b a t d Cnee ^astronomical problems >t 
came axis during tha > no ot.n+,irmarv and consider the 


trying — , 

ivfoop nf 8, sphere 
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The Celestial Poles ate the points at which the polar axis, when 

S=pSa‘--- 

Sh-wesr, siiss - •<“»”« — - 

° m But the polar .o. of th e earth is n ot perpendjenlar.tp.the,plane 
t C Rj^t rmTrifT'tlie sun *~" it is inclined to the normal at an angle of 
Consequently , the apparent path of the sun among 

Z= Zenith 
N=Nadir 

pp 1= = Celestial Poles and Polar 
Axis. 

E.EE l =Eqnator 

CC 1 ==Ecliptic. 

T=Pir8t Point of Ancs 
Q=First Point o! L'bra. 

HH,— Horizon. H 

PZE X H P=Mendian (in piano of 
paper) 

ZENW=Pnmo Vertical, perpen- 
dicnlar to Piano of 
Mcndian (shown dis- 
torted in figure) 

E and W=Enst and West Points, 
at junction of Horizon 
and Pnine Vertical 

Fig 273 —Celestial Sphere. 



the fixed stars is not m the equatorial plane, but is in a plane inclined 

at about 23°-27' to this , . , _ , 

The trace of the plane upon the celestial sphere is a great circle 

•which is known as the Ecliptic. 1 

The two. pomts_at_ which the Ecliptic^ intersects the_ equatorial 
plane are knownjs the E^mochal Points. That point through' which 
the sun passes from south tcTnorth of the Equator, i.e at the Spring 
or Vernal Equinox, is termed the First Point of Aries (T), while the 
other, i e. at the Autumnal Equinox, is known as the First Point of 


Libra (0). 

The poles of the Ecliptic lie at the mtersection of the celestial sphere, 
with an axis through the centre, and perpendicular to the plane of the 


Ecliptic. 

Nutation is the nodding of the Celestial Poles, to and from the 
poles of the Ecliptic ; this causes a variation of several seconds in 


1 The Mean Obliquity of the Ecliptic m 1932 was 23°-26'-53' 27, and the mean 
annual diminution^!)' 468 (Newcomb, “ Tables of the Sun,” Nautical Almanac ) 
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Ti0 0,1601 » 

at an average a'ng^of atut a“ f em P^°™H inchncd 

M mterseoted at points called the »*“ £" ? f tie %•”. which 
hut have a retrograde motion of about IS" ™ < ? 63ar0 110tstat,0 ”“ r 7» 
Relatively to the earth tha ™ P® r year 

west, but it has a motion frot *1 f°? 60,11 6084 *° 

stars um west to east, relatively to the fixed 

in this casethftmelf ZTsuTreZluhTn P ° kr , a3as »‘ but since 
of a complete circuit of its orhjt + 1 , corresponds with the time 

directed towards the earth ’ Bame face of tlle m »“ » always 

the T X P ™d°ZZnht W ml mi Uom °°°“ •»- ‘le moon, 
necessarily in the same stramht i , vertlcal P IaDe > though not 
between the sun aTthe S ^ “T «“ ”>»“» <■* 

snn, and is said to be m c«l “if ? S'” 10 «" the 

between the sun and the mnnr, +1 i u ^ moon the earth lies 
opposition m °° n ’ the latter 18 the “ said to be m 

lUu^a.tbmSs^VdT, moon and “ m °°” * 

“HrjEiMiss iraEr ,-sa 

rnrnnlt terV f ? etWe ^ n tW ° successive new moons, * e the time of a 

complete revolution relative to the sun, is inown is a LunmilmS, 
(about m days) A Sidereal Month (about 29£ days) is the time of 
a C W Iete revoIutlOD > relative to the fixed stars 

When the moon’s disc passes between a star and the earth, the 
occM?i S » ^ to be 0CC “^’ and tbe phenomenon is laiown as an 

When the moon passes m front of the sun’s disc, a Solar Schwse is 
the result, while a Zwiar Eclipse is caused by the passing of the shadow 
oi the earth oyer the moon, i e when the earth passes directly between 
the sun and the moon 

Zenith, Nadir.— If a person occupies any position upon the earth’s 
surface, and a straight line is drawn upwards in the direction of 
the force of gravity at that point, the intersection of such a line 
with the celestial sphere is termed the Zenith of the observer, 

% e the Zenith is the point on the celestial sphere immediately 
overhead 

Similarly, if the straight line be produced downwards through the 
centre of the earth, the other intersection with the celestial sphere is 
termed the Nadir 

The Celestial or Rational Horizon is the great circle traced 
upon the celestial sphere by that plane winch is perpendicular to 
the Zenith-Nadir line, and which passes through the centre of the 
earth 

The Sensible Horizon is the circle in which the plane through the 
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position of tlie observer and tangential to tlie earth’s surface (oi 
perpendicular to the Zenith-Nadir hne) cuts the celestial sphere. 

The Visible Horizon is the hne in which the more distant visible 
features of the earth’s surface appear to cut the celestial sphere . on 
land this will consequently be of very irregular form owing to the 
existence of hills, etc 

In Fig 275 the plane OC marks the Celestial Horizon , the plane 
PR the Sensible Horizon, and the cone PV the Visible Horizon. 

A Celestial Meridian is the great circle formed on the celestial sphere 
by the intersection of a plane passing through the two Celestial Poles. 
The nieridtaw- of_any. particular point is. that great circle which passes 
through the Zenith and 
Nadir of the point _as 
jvglL. as— through^Jhe 
poles 

Great circles which 
passthrougktheZemth 
and Nadir are known 
as vertica l circles thus 
the meridian of a place 
is also a vertical circle 
The vertical circle 
which passes through 
the east and westpomts 
is known as the Prim e 
Vertical — The plane 
which traces the Prime 
’Vertical on the celes- 
tial sphere thus passes 
through the Zemth and 
Nadir, and is at right 
angles to the meridian 
’ of the place 

The Prime Vertical 

atSSSMsassM; teas; 

ft is 90“ N. s teSfc r~:L the Jf^ Soati P°l* 

between these limits ™ tively , and all other points he 

of the menian^hiterceDted^etTO 68 ^ s I* er \ Iatltud o is the arc 
The remainder of tSjhTJ J ‘'. Ze S* h . f" d *e Equator, 
knoim as the Oo-huJe, m cflatatad™ M)“ - lSftad? d P ° le “ 
The longitude of a place is the angular the roerid.au 



Fig. 274 

Celestial Sphere, illustrating Astronomical Terms 
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of tlic place makes with some standard meridian, and is measured from 
0° to 380° either towards the cast or towards the west 

The standard meridian adopted as the zero by the English is that 
which passes through Greenwich. 

Longitude may be otherwise defined as the spherical angle at the 
poles, included between the standard meridian and the meridian of 
the place. 

Declination (S) and Right Ascension define the positions of heavenly 
bodies on the celestial sphere, exactly as Terrestrial Latitude and 
Longitude define positions upon the earth 

Thus the Declination of a star is the angular distance from the 
Equator to the star, measured along the celestial meridian, while Co- 
(kchnation is the remainder of the quadrant , i c it is the arc of the 
meridian intercepted between the star and the nearer or elevated 


pole 

Thus co-dcclination = 90° - decimation 
Co-dccimnf ion is also known as Polar Distance 
Right Ascension is the angular distance between the meridian 
of the star and the “standard ” meridian It is measured from the 
w cst towards the east, and is expressed m hours, minutes, and seconds, 

twenty-four hours representing 360° „ 

The “ standard ” meridian is that which passes through the Virst 
Point of Anus ” (see p 439) This point is not feed m spa<*, but b 
on rinnilv movmn in a retrograde direction at a rate of about DU -a 
g? nnZn TS S tho result Lt, although it still returns £e «gd 
name, the point is no longer m the constellation Aries, but 

m i % -■ j* *- “■* * 

ta sas53Si3 

of 

tbc sun is again zero, and the First Pomt of Anes, 

On June 21 the sun has travelled 90 from tnen declmatlon of 

along the ecliptic, and has reaped t This is called the 

N 23°-27' nearly, the R A being 90 or o nuiu 

^Solstice occurs on D-jdb.^ J^ h f d XaUon 

Ite maMml vTue of about 23°-27' south, and the EA w 

270° or 18 hours Summer and Winter Solstices are 

The positions of the sun ai^he kum through 

the horizon, measured along the great 
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Fig 275 


passes through the body and the mi& “eS” 

JT being the nngninr 

— n* *• 

true altitude is the 
angle SOC at the 
centre of the earth * 
but before this can 
be deduced from the 
observed altitude it 
may be necessary to 
apply some or all 
of the following cor- 
rections 

(1) Refraction 

(2) Dip 

(3) Index Error. 

(4) Parallax. 

(5) Semi-diameter 

For instance, in , , , a .. . 

Fig 275 let P represent the position of the observer, and S the position 
of the celestial body, the true altitude, the angle SOC, of which is 

required , 

Befraction —Then because the density of the air decreases as the 
distance from the earth increases, it follows that a ray of light which is 
emitted from S, and traverses the different strata, in an oblique 
direction, becomes refracted, as explained in Chapter II Hence the 
particular ray which reaches the observer at P has travelled in some 
curved path, such as that indicated by the curved hue PS m Fig 275 ; 
and as the eye cannot correct for this, the ray appears to come m a 
straight line from Sj, where the straight hne PS X is tangential to the 
curve PS at P 

The angle SPS, is known as the correction for refraction, and the 
value may be obtained from such tables as Chambers’ Mathematical 
Tables 

An approximate formula for Astronomical Refraction may be 
deduced as follows . 

It is found by experiment that if a ray of light passes from an 
original stratum through a senes of parallel strata of various 
densities, the final deviation of the ray is exactly the same as that 
which would result from the direct passage of the ray from the initial 
through the final stratum Consequently, it is only necessary to 
consider one deviation of the ray. 

\7hen the altitude of the body is considerable, the spherical shape 
of the different strata of the atmosphere may he neglected, and they 
may be assumed plane. Hence m Fig 276, where Z is the zenith. 
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m SURVEYING 

P the position of the observer, S that of the star, and Si the apparent 
position, by the law of refraction (p. 46) 

sin ZQS _ 
sin PQN” ft 


where p is the index of refraction. 



j e. the refraction is proportional to the tangent of the apparent zenith 
distance. 

Reducing Z-SjQS to seconds and substituting for ^ the fonnnla 
may be written . 


Refraction in seconds 
at a pressure of 30 inches 
of mercury, and a tem- 
perature of 50 3 F. 


» 58" x tangent of apparent zenith distance, 
oroS^x co-tangent of apparent altitude 


The above formula should only be used for rough _ calculations, 
however, as the index of refraction vanes with the density of the air. 
t c it is dependent upon temperature and pressure or altitude 

For more accurate results, tables should be consulted, and abo vance 
made for these factors : the spherical shape of the strata is aLo taken 
Sto account in the preparation of the tables Below about lo to 
•7Q 5 altitude the correction for refraction is large and not very rehaWe 
a- with. or the altitude approaches 90 , the 


ofS from the sensible equa^ tne ^ jjg. 

“ «»=£■ ISy .53SE5* 

i.e. SPR — S X PV - ‘-iP*- ’ ! t£p values of this correction for 
Ssfe^citfeas^abore sea-level axe tabulated for the 
convenience of seamen. 
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•n i ^ 1 r .® x P r ®f S1011 the an gle of dip, d, may be easily deduced from 
% 2/5 The angle d=^Rpy=zPOT, where PT is tangential to 
the sphere at T and OT is radial, 


.*. tan d 


_ PT_ /(r + hf^? 
OT V ’ 


! r + k) . , , /o X 

— -> or approximately , 

p‘CS"* 0f the “* 0T - height poini 

tie *"*«*. We 

eerSfr^te^ 8 " “ ** Iml ° f eea-^at is Ho 


tan d= , /— ^_A_Z _ / £ / i 

V 20,890,000 ~ V 1^445,000“ V 343 ; 170 = W1694, 

. i=5 / -48p’ about 

In Molesworth’s tables d is given a*? fi' ■m" „ j , 

rareSJS^ l“„rffh = a f4 V/r ““ 

Te refe 

zero when the altitude Vzero for Si lnstruDlent verniers is 
reflection and by direct vision wifht ? 2® bod ? “ observed 

the values of any vertical angles observed mth ib** *2, & VaIue sa - 
too large or too small bv thisamm^f ^ ^ tb tbe lns trument will 
the zero, for the zero angh aecoidm S as « is above or be] 

to the observed altitud^f.iwien thetctuS 18 a f 0unt musfc be a & 
of zero altitude tae actual reading is-e for an an, 

V 1 ** to «- *. fa 

,Ia Rg 276 the aegle S00 , ^ the "“Me horizon, 

rad OC are parallel, eachbemo-T^L^i 10 .® 11 ^ p BO, beeanse I 
the angle PBO, being the evto ^ perpendicular to OP (I 291 "R 
to thelmn of the taangie PS B l J 

aera e g ,e^B alhtade 800 » ^Te^fSt *S££f &« 
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Or since the angle is very small its value is 

~ radians nearly, 

Li 

where R is the radius of the earth, and L is the distance from the earth 
to the observed celestial body S 2 

When the observed body has a greater altitude, and is at S say, 

PN 

the angle of parallax is approximately -jj radians, where PN is the 
perpendicular distance from P to OS, \ e it is 

®2°i5 xatorn, 

L 

because the angle OPN is equal to the altitude SOC (i c a). Thus 
the parallax in altitude is 

Horizp ntalJParaltoc gps ..altitude 
For celestial bodies, as the parallax is very small, the apparent 

altitude SPR may be used m this formula 

Obviously, then, the correction for parallax decreases as the altitude 
increases, and becomes zero when the observed body is at the zenith 
For observations upon the fixed stars the correction for parallax 
is negligible, but it must be taken into account for observations upon 

tllC Qnp* 54 of th ^Nautical Almanac the values of the sun’s horizontal 
- r -l] -r .q crjven for intervals of ten days The parallax for angles 
of altitude Hn be deduced from these by multiplying by the cosine 

° f £Et- Afurther correction which it is necessmy to apply 
Semi-diameter, a ^ the case of observations upon the sun 

is that for semi-diameter It is obvious 
that if it were attempted to adjust the 
cross-hairs of a telescope exactly to the 
centre of the sun’s disc, there would be 
considerable liabibty to error. Con- 
sequently, observations are always taken 
either to the npperor theloverhmb 
for measurements of altitude, and t 
the east and west limbs for measure- 
ments in azimuth, and an allowance made 

““^stance, in Eg 277, * «» > 
tndo to the bra hmb of the son is that of the centr 

tob °r e 7i 

I: rpntrc will be o, - 1 -here , b ‘he cordon 



forth 


Fig 277. 

Correction for Semi-diameter 
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ASTRONOMICAL TERMS 447 

wnn-diameter, and D is tlie angle subtended, at the centre of the earth, 
by the diameter of the sun. 

The value of this correction depends upon the position of the earth 
upon its orbit, «e upon the apparent position of the sun on the ecliptic, 
and may be obtained from the Nautical Almanac 

thAo^> 8 t0 ! r f essor *S n ?’ 1 tbe semi-diameter of the sun at 
the earth s mean distance = 16 -1 18 

The^Azmmth^of a point is the angle between the nlane of fhr» 
iB|ridiaji,^and.,the_^^&tical^’ plane through tlie poinf ~% e it is the 
SeTemth^'d 15 th ® ^A|?tween the plane which passes through 
Sf IK* 2 a*’ A? pol?Sj a ? dt}ie Plane which passes through 
Nadu-, and the ppmt imquesfaon The arc of the Won 

of the e ^mt ,< 3 611 theS& W ° Planes ’ iS thu3 a measure of azimuth 
the^FwS^P * ! Ie » Wl “ C } r above tbe ^server’s horizon is known as 

aSSrlSS 

mgly not greater than 180° s “ ‘ ** 1S accord- 

■iSS; t S “ wWe cmk -" 

the east zero ’ and the an g ] e measured through 

plant *" TerM 


”r^e often 

tie deehnation^irelff of the straliS^^^/V 1 * pole ’ between 
ate of the Bqnatoi mtereenW Si. ^ of ‘ he obserT er The 
measure of the hour angle P hetwem these tw ° planes is thus a 

m adereaS^t^^daS^i^S 16 f & Staris tte time mterval 

stars appears to describe a circle roSnd S j eacb of the fixed 
mendian of the observer twice evervTlS r ^ and to <*oss the 
When a star or other ZiW *enty-four hours 

it is said to “ transit” ThS m t0 Cross the mendian 

axis, each^star transits twice. e ^o ution of the earth upon its 



-rds, Inotaer 

mimmum (Lower Culmination), and atthTn wbeaits aItltude 18 a 

*«.-i-saar“r?.T * 

. V ; - “* heavens d °ee not fall 

Nautical Almanac, 
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J- Hi. i e Ip so fltnn t?'/ i _ J: rc ■*■ ® must be less than the arc 



1’*,;. . ki sz Ezcsrgr "graK® 

than the latitude (, e EZ) of the observer 

flo/Jr ™ ™ ^ Zwwwac ’ tho term circim- 

J T rnf fcr i? t ? d to stars within 10° of either 
p°Je The Pole Star, or Polaris, which is 
classified as a m the constellation Ursa Minor 
is an example of a circumpolar star, as it de- 
scribes a circle of only about 1° 3' radius from 
tiie pole This distance is slowly decreasing 
Often at ..its. greatest distance E or W of 
the observer, Jhe star is said to elWe or to 
be at elongation 

appme'to^T^^ 

and to make a complete circuit of the heavens in one year 
« ^^^•“terval^ between Jwo s uccessive u pper transits of the 
©SSL5<2»I ? f , A?es over the same meridian is, known as ^Sidereal 
IJag, and the instant of crossings termed .Sidereal Nmi Thedav'is 
divided into 24 hours, reckoned consecutively from 0 at one noon to 
24 hours at the following noon Each hour is divided into 60 minutes, 
and each minute is again subdivided into 60 seconds 

Thus (a) the sidereal time at any instant is obviously the hourl 
angle (when expressed m time) of the First Point of Aries / 

(6) The sidereal time at which a particular star transits is the/ 
measure of its right ascension, or the R A of a star is the sidereal time 
of its transit 

(c) The hour angle of a particular star at any instant, is equal to 
the sidereal time - the star’s R A 

An Apparent Solar Day is t he time in terval between two successive 
upper transits of the centr<Tof~tFe ^sun.across'fhe same meridian, and 
the. time" of tlie transit is known as Apparent Noon 

The time taken for the earth to make a complete circuit of its orbit 
is known as a year There are several definitions, but they are not 
very important from a surveyor’s point of view 

A Sidereal Year, for instance, is the time interval between two 
successive transits of the sun through the meridian of any one of the 
fixed stars , a Solar or Tropical Year is the time interval between two 
successive vernal equinoxes , an Anomalistic Year is the time interval 
between two successive passages of the sun through perigee , a Civil 
Year is composed of an exact number of mean solar days as defined 
m the Gregorian Calendar, etc 

According to Bessel, there are 366 24222 sidereal days m a tropical 
year, % c during that time the First Point of Aries appears to have ma e 
366 24222 revolutions from east to west, relatively to the earth, nut 
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450 SURVEYING 

a ^\ e c e( B i ation of time is zero four times during the vear t e 

fn?n -nonn 0,10 ® e P tem ^ )er h an d December 25 ; so that on these 
four occasions apparent time is identical with mean tune 

m n rmf UrV ^ ® how [ n g th e variation m 1932 is given m Fig 279 the 
maximum values being about ° 5 


M 

-14 
+ 3 
- 6 
+ 16 


23 on Feb 12 
47 on May 15 
21 on July 27 
21 on Nov. 3 

Abbreviations — The following abbreviations are in common use: 


LAT = Local Apparent Time 
G AT — Greenwich Apparent Time 
L.AN = Local Apparent Noon 
GAN = Greenwich Apparent Noon. 
L ALT = Local Mean Time 
G ALT = Greenwich Alean Time 
L ALN = Local Alcan Noon. 

G ALN = Greenwich Mean Noon. 

Mfns 


L S T = Local Sidereal Time 
G S T = Greenwich Sidereal Time 
E = Equation of Time 
R A = Right Ascension 
R 0 = Referring Object 
7 = First Point of Anes 
— = First Point of Libra. 
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Pic 279 — Variation of Equation of Tune 

The following symbols are also used in the following chapters 

a — altitude G AI AI = Greenwich Alean Alidrught, i e 0 h 

5= declination L AI M = Local Alean Alidmght, t e 0 h 

Z=latitude 
z= zenith distance 

Longitude and Tune —As the time interval between two successive 
mean noons at any one point is 24 mean solar hours, or as the mean 
sun describes an arc of 360° in 24 hours, it follows that at B, situated 

m longitude x° W of A, mean noon will occur ^*24 hours later than 

at A if B is east of A, mean noon will occur earlier 

A difference of longitude of 1° {ie x=l) thus corresponds with a 
difference of yV hour = 4 minutes in the local mean times, or 

15° longitude converted into time = 1 h 


1 ° 

15' 
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15", 
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= 4 m 
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= 4 s 
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Example . — What would bo the G M T to correspond with 2 h 5 m. 3 s a.m 
L M.T. at B on June 2 in longitude 56°-30'-15' E ? 

H M S 

56° longitude expressed in time =56 x 4 mins — 3 44 0 

30' longitude expressed m time . = 2 0 

15' longitude expressed in tune . . . = 1 

3 46 1 

But as the longitude is E , the clock at Greenwich is behind the clock at B, 

H M S. 

Therefore the L M T (by adding 24 h ) June 1 . =26 5 3 

Deduct for longitude . .... 3 46 1 


22 19 2 

te GMT is22h.l9m 2s June 1, te lOh 19m 2s pm 

To convert Sidereal Time into Solar Tune, and vice versa. — From 
the relationship given above, i e 

366 2422 sidereal days = 365 2422 mean solar days, 


* • 



t 

i 

l 


f 



it may be deduced that 

1 hour ST.-l hour M.T. - 9 8295 s. M.T. 
and 1 hour MT. = 1 hour ST +9 8565s S.T. 

. From these equations an interval of S.T. may be easily converted 
into an interval of M.T , and wee versa. 

To simplify the computations, however, tables are given in the N.A., 
together with examples of their use 


Example —To find LST atBrn 
Deo. 30, 19— (LMT) 


longitude 82°-4'-30' W., at 10 h 45 m a m. 


10 h 45m am civil time converted to astronomical 
tune 


To convert longitude 82°-4'-30' to time, H m 

82° = 82 x 4 m =5 28 
4' = 4 x 4 s = 

30' 


S 

°1 

16 

2 


Therefore, since B is west of Greenwich, the GMT 

0 Sg * dd 9 86 — * 


h ar s 

10 45 0 

= 5 28 18 
= 16 13 18 


Correction for 16 h =157 76 s. 

13 m = 2 14 s 
18 s = 05 s 


S*2S l J? rralin ST * I s therefore . 

But S T at GjOI from the N A (i e at 0 h ) 

Therefore G S T at the given instant . 
isut the correction for longitude is 

Therefore L S.T. at B is . 


159 95 s 

0 

2 

39 9 

• • 

=16 

15 

57 9 

• • 

= 6 

29 

32 2 

• • 

=22 

45 

301 

• • 

5 

28 

18 

• • 

17 

17 

121 
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Example — To find tho L1IT of transit of Polons (tea Ursae Mmoris) in 
longitude 20° E on Dee 30, 19 — n m s 

Tho S T. of G M.M on Deo 30 from tho N A = 6 29 32 23 

But in longitude 20° E., LMM occurs 1 h 20 m 
(solar mean time) before G M M 
This interval expressed mST=lli 20 m 13 15 s 

Difference for 1 h = 9 SO s ) 

20 m = 3 29 s 


13 15 s 


Consequently tho L S T at LMM m20°E longitude 
is less than tho ST at G M M by 13 15 s 


! c L S T at L M M 


.Again the It A of Polaris from the N A 
And ns L S T at L MJM 


Tho interval in S T botween LMM and the culmina- 
tion of Polaris (add 24 to the R A ) 

To convert this interval to solar time, tie deduct for 


each hour 9 83 s 


19 h ST =186 77 s. 
3 m ST = 49 s 

8-32 s = 02 s 


13 15 


= 6 

29 

19 08 

= 1 

32 

27 40 

= 6 

29 

19 08 

=19 

3 

8 32 


187 28 s 


3 7 28 


Tho interval in solar timo is thus 


19 0 104 


JLUO interviu ouuu. — — 

Hat is, if the chronometer record. L M T , tho tune of. culmination of Potans 
mil bo about 7h Om Is rathe evening of Dec 30, 19 _ 

- -r %rm -7 rtf 'Pnlnri 


m 


11 bo about 7 h 0 m l s m me eveumg — " 0 

Example -To find tho L M T of elongation of Polaris on Deo 30-31, , 

longitude 3S°-15'-5'E, latitude GO N _H * ^ 

I? iVSS’Z&SS* 5h dm 5828s, ’ =18 31 3051 
To obtain L S T at LM N., subtract 9 86 s per hour 


of longitude 


H M 8 

38° long = 2 32 0 


15' „ 


33 




2 h 
30 m 

3 in 


x 9 86=19 72 
. .= 491 

. .= 49 


t e. L S T at L M N . 
From the formula (10o),P 

.t the star, t e. ZSP-JU b 


2512s. 2512 

’ =18 31 639 

, . • • * — 

429 , for a right-angled ephor.c.1 triangle (Ihe angle 

cot PZ tan SP=tan / tanp. 





ASTRONOMICAL TERMS 453 

(rhere P is the hour angle, l the latitude, and p the co-declination or polar 
distance. 

The declination of Polaris on Dec 31 from ,fir.A.=88 o -53 , -01' 36 
Therefore the polar distance p . . . . = 1°- 6'-68" 64 

log tan 60° . =_ 2385606 

log tan l°-6'-58' 64 = 2 2897078 

and log cos P .=2 5282684 


P m arc . .... 

= 88' 

5 -3'- 

57' 32 

i 

* I 


H 

M 

S 

; 

j > 

P m sidereal time 

= 5 

52 

15 82 


But the R A of Polans 

. .= 1 

32 

27 40 


Therefore L S T of Western Elongation 

= ~T~ 

24 

43 22 

\ 

> 

But L ST. atLM.N. 

. . = 18 

31 

5 39 

f 

* 

Therefore interval mST after L M N 

=12 

53 

37 83 

\ 

i 

Correction (deduct 9 83 s. for each hour) 


2 

6 74 

i 

Interval m solar time after L M.N. . 

. = 12 

51 

31 09 

■ ; 
t 

Therefore LM.T of Elongation = Oh. 51m 

31 09 s A.M 

on 

Dec 31, 19—. 

i 
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EXAMPLES 

.t ? r a,p ' tan oye 15 8,tnated at ° d “ ta ” M 

2 M A lies to the west of B and the mendian distance between 

them is 1 h 30 m The longitude of B is 62°-30'-4(T W. What is the longitude 

(b) How would you determine the rate at which a chronometer is gamine or 
losing tune by astronomical observations ? g g 01 

9 J* tf tLL a certain date, the right ascension of a Draconis was 14 h 

SvSrt? - 

(Sic ?taSS5*to'taW N) 35,114 the 10001 m °“ tone oteM * el ™8 

in f ^ ^ ® J un ® 5 a chronometer was fast on mean tune at A 3 h 2Q m 

10 s ; on June 12 the chronometer was fast on mean time at A 3 h sq 01 <, * 
on June 20 the chronometer was fast on mean^S at B 5 h 31 m ? * ’ 
June 26 the chronometer was fast on mean time ™B 5 h 32 

longitude of A is 37°-22'-57' E , what is the longitude of B ? * the 

(o m m t7 sszm js,?*** 

it 20 at ,o “' s,do4, - 

2422 sidereal days =365 2422 mean solar days 
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apparent noon and the direction of the meridian may both be deter 
mined if a number of concent rie rings are described upon the ground 
about the base of the pole, and the points marked upon these where 
they are intersected by the locus of the end of the shadow as the sun 
rises and sets in the heavens 

Thus if aa y be two points on the same circle, the meridian will lie 
through 0, and the mid-pomt (u 2 ) of aa L . 

Oa 2 should coincide with the direction of the shadow when this has 
its least value. 

The method is not sufficiently refined to allow of any allowance 
being made for the change m the sun’s decimation during the interval 
between the observations 

It is obvious that tins method will yield only very rough results, 
and if it were attempted to deduce the azimuth of a line OA from a 
distance as short as Oa necessarilv 
is, further considerable error would , 

result 

(2) A magnetic compass may be 
employed to determine the magnetic 
meridian at any point , and the true 
meridian may then be approximately 
found by making due allowance for 
the magnetic decimation of the place 

This method is, of course, only 
approximate, but it is sufficiently ac- 
curate to determine the position of 
the “ N. point ” upon maps of small 
surveys , it is, m fact, the method 
generally adopted m such cases 

The best results are obtained when 
the compass is attached to a theodolite 
or other instrument, and the magnetic 

?nS th °I 0n f ? th A snvvej hnes or of some referring object is 
found as described m Chapter V. 8 J 

With the magnetic compass fitted to an ordinary theodolite the 
readings cannot be observed to less than about 1°, and m most districts 

tejEssst’ to ,T T “ m tle d “ n - as 

ttoighCcLS"™ PaSS, *- Wl,en I> r0<Juced 11 necessary^ 

fnrn^ 7 rSlM Whicl l a PP rox ™ a tely fulfil these conditions are Polaris 

» The?af° ° f ft tlr \ e 

* — •> <£££ ssi'.’issstct! 



Fla 2S0 — Shadows from Sun 
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may be seen to be a double star The small star near it is known as 
Alcor 

Polaris, or Pole Star, revolves round the pole m a very small circle, 
while Mizar describes a much larger circle in the heavens Twice 
during the 24 hours the two stars wull appear to he in the same vertical ; 
and consequently, at these times, the Pole will also be situated approxi- 
mately on the same line 

The azimuth of a line joining the instrument station 0 to some 
deferring object A can therefore be deduced by directing the cross- 
wires of the telescope to A and noting the readings of both verniers of 
the horizontal circle, then turning the telescope towards the two 
chosen stars and re-clamping when they appear both to he upon the 
same vertical, t e. when the cross-hairs appear to intersect each of 
the stars in turn as the telescope is slightly rotated m a vertical 
plane Coincidence with the stars having been obtained with the 
tangent screw, the two verniers arc again read 

To check the observation, the telescope is now redirected to the 
referring object, when the readings should again agree with the original 
values If not, the difference is probably due to “ slip ” If the 
discrepancy is very little, a mean of the two values may be adopted, 
otherwise the observations should be rej ected The difference betw ccn 
this mean reading at A and the reading obtained when sighting the 
stars is a measure of the azimuth of OA 

When using a theodohte for observations upon the stars, it is 
necessary to illuminate the cross-hairs This may be done by means 
of a small lamp, the hght from which is directed into the interior of the 
telescope through the horizontal or transverse axis, one side of tins 
being made hollow for the purpose The lamp is supported upon a 

bracket attached to the A frame . 

In the absence of such a contrivance, hght may be reflected from n 
lamp, through the object-glass into the telescope, by means of a sheet 

0f velocity m asunutl. at the mstant 

of observation, it is impossible to use both faces of the instrument, , so 

tlie use of a theodolite is as follous A v r P ^ w |, en t ] lc £ tt o 

long plumb-line) is feed a *, a ] le the vertical hue 

stare have revolved untolfcy are seen to « <3^ ^ ^ 

thus set c stare Th." may he arranged by oae 

obTerverfu ho'can^put ^himself in 'position on the opposite side ol 

i In 1032 the mean B MaiJwJtteK A nljfc « ® G '"’ 
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to the stars (? e if Polaris and £ are being observed, to the south 
of 0) The line OB then marks out the approximate meridian 
through 0. 

(4) Observation of a Circumpolar Star at Culmination. — The chrono- 
meter time at which Polaris or other circumpolar star culminates is 
deduced from the N.A , as explained m the example on p 452. The 
horizontal angle between the refemng object and the chosen star is 
observed at the exact instant of transit by means of a theodolite, and 
the azimuth of the referring object is deduced as in Method (3). 

The objection to an observation at culmination is that the star at 
that period has its greatest relative velocity m azimuth — consequently, 
there is not sufficient time to use both faces of the instrument, and 
the results are liable to error, because it is practically impossible to 
ensure that the instrument is m perfect adjustment. 

The nearer the star is to the pole, % e the greater its decima- 
tion, the less is its apparent velocity, and hence the smaller is any 
error due to a given error in determining the LIT of culmination 
(seep 488) 

As m other astronomical observations, it is advisable that the 
JO, 1 which must, of course, be luminous for night operations, shall 
be at some considerable distance from the instrument station, m order 
that it may be unnecessary to alter the focussmg of the telescope as 
otherwKe errors may be introduced if the draw tube is not perfectly 

"P 1 ® ® rrors 01 bisection and centering may be considerable also if 
the Jtl v is not sufficiently distant 

To obtam more reliable results, a number of observations may be 
made upon various stars, some at upper and some at lower culmina- 
tions, and usmg face right and " face left ” in alternate cases. 

A comparison of the results will show what degree of accuracy is 

to 20 , the probable error due to reading alone mndit be 
™ "** *• -- 
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lower culmination, tlie effect of such an error in time tends to be elim- 
inated, as the sign of the error would be different m the two cases 
On the Transvaal and Orange River Colony Survey 1 this method 
was adopted, a 10-m Repsold micrometer instrument being used, 
and the final probable error m different examples varied from ±0" 13 
to ±0" 20 

On the Orange River base, for instance, eight pairs of stars were 
observed on each of two nights, and six pairs on a third night, z.e 
equivalent to twenty-two pairs in all A comparison of the results 
showed a p e m the adopted azimuth of ±0" 13, the greatest range of 
variation being 3 r 57 

At other stations more observations were taken in some cases, eg 
on the South End Houts River Base thirty-eight pairs in all were 
observed, yielding a result with a p e of ± 0" 18, and a range of varia- 
tion of 4" 86 i i. i-i.fi 

A single F R and F.L observation of a single star until a b-m 

theodolite reading to 20" might be expected to give a result within, say, 
20" of truth, if the tune was known fairly accurately (see pp 48b-488j, 
or the mean of two observations at upper and lower culmination 
within about 10", as the error due to tune would be eliminated 
^"(51 Two Greatest Elongations of a Circumpolar Star —As already 
mentioned, a circumpolar star appears to trace a circle m the heavens 

Thus in Fig 28! 

R any referring object 

At a little before the time of elongation, 
as determined from the Nautical Almanac, , ft 
theodolite is set up and levelled at O, the 
cross-hairs directed to R, and the readings of 
the two horizontal scale verniers noted 

The telescope is directed to the star a minute 
or so before it is at its greatest elongation to 
Se east, say The upper plates arc then 
clamped, and, exact coincidence having been 
obtained with the slow -motion screw, the 
vernier readings are noted and the horizontal 

“^SiSE'S*. — 
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The objection to this method is that one observation must be made 
in daylight, and this is seldom possible with an ordinary instrument. 
A further objection is the long interval which elapses between the two 
observations, during which time refraction possibly alters very con- 
siderably, or the sky may become overcast 

"With suitable instruments, however, very accurate results can be 
obtained. The mean of the results of observations upon several stars 
may be adopted if necessary. 

^ The tune of elongation may be calculated as explained in Example 

(6) Equal Altitudes of a Circumpolar Star (Fig 281). — To obviate 
the necessity of taking one of the observations in daylight, and to 
lessen the long interval between the two observations of Method (5), 
the method of Equal Altitudes may be employed 

The time interval between the two sets of observations should he 
as long as possible, so that the star shall have a considerable velocity 
in altitude, i e shall not be very near its culminating points where the 
curve appears very flat, and a small change m altitude causes consider- 
able displacement m azimuth. 

The instrument is set up at 0, the cross-wires directed to R, and 
the readings of the two horizontal scale verniers recorded. The 
telescope is then directed to the star, which is in a position S t , say and 
exact comcidence obtamed The vertical angle a, is recorded? and 
also ttie values of the angle R0S x from both verniers 

, i 7 e J i fa ^ e , °, f the instrument is then changed, the telescone re 
directed to R, both verniers read, and after an interval of, say, I5 P to 20 
minutes, the same star is again bisected with the cross-hairs and the 
horaontal angle EOS, and the verbal angle L recoX. ' 

15 preferable. 
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Z + Z 

But 8(8) is very small, as is (Z t ~ Z 2 ); and ..1 is approximately 
equal to Z 2l say, consequently we may write tlie equation as 
8(8) cos 8= cos l cos a sin Z 2 (Z 1 - Z 2 ), 


t e 


Zi-Z 2 = 


8(8) cos 8 
cos Z. cos a sm Z 2 5 

t 


( 3 ) 


or as by tbe sine rule, if ZPS 2 — g nearly, i e half the observed interval 
between the two observations, 
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Similarly, if tlie decimation is changing to tlie soutli t c decreasing, 
the bearing of the meridian from R is 


dj 6t, 

~r s 




m 


cos l sin ^ 

Jj 


(6) 


These equations refer to the Northern Hemisphere For the 
Southern Hemisphere, the terms north and south are transposed 
From the results of these equations the true azimuth of R can be 

easily computed. , 

(8) Single Observation of a Circumpolar Star at Elongation —As 

in Method (5), the horizontal angle which the line joining the instal- 
ment station 0 to the referring object R makes with the direction Ob- 
the line joining 0 to a circumpolar star at its greatest elongation, nest 

or east— is observed on both faces of the instrument . 

From this single observation, the azimuth of OR can be calculat 
if the latitude of the observer is known. A small error in the a&ume 
latitude makes a much smaller error in the com- 
puted direction of the mendian, so that it is 
usually sufficiently accurate to measure the 

1Stl H a nmp is not available, the latitude mavbe de- 

tended by one of the methods enumeretedlato 

In the spherical triangle PZS (big. -bt) we 

have the following data . , * q 

PS = co-declination or polar distance of S 

(from N A) 

PZ~ co-latitude 

Zl PSZ = 90° because the star is at elongation, 
therefore by the application of the sme formula (1), P 533 

am Z.PSZ PS 
am A. i I** — — 
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instrumental defects and personal causes. Thus with a 6-in theodolite 
reading to 20", the maximum error of a single reading should be 10". 
Taking E R. and E L observations on two verniers, this error would 
be reduced to 5". But as readings are taken both on the star and on 
R, the error would become 5-\/2 = 7", say, due to readmg alone Other 
errors not eliminated by E R and E.L observations (e g dislevelment, 
bisection, etc.) would increase this to 15" to 20", say, is. a single E R 
and E.L. observation on Polaris might be expected to yield a result 
within 15" to 20" of truth 

Example —Polaris was observed at its western elongation on Aug 30, 1919. 
ana the horizontal angles measured from the referring object (which was to the 
west of the star) were : 

Face Right (mean of 2 verniers) 34 16 20 
Face Left (mean of 2 verniers) 34 16 40 

Average , . 34 16 30 

From the N A 5=88°-52'-22*' 73 and the polar distance PS— 1°-7'-37* 27. 
From the map the latitude was 50° N and the co-latitude PZ =40°. 

log sm PS = 2 2937810 
log sm PZ= I 8080675 
log Bin LZ = 2 4857135 

.. lZ = l°-45'-12* 6 nearly. 

*5® aZin T, th °* R ,^' est °f north is therefore ^Z-f 34°-I6'-30", t e 36°-l'-43" 
° r azmm *k» considering due north as zero, = 323°-58 , -17" * 

The time of elongation may be predicted as explained m Example 2, p 452 

If observations are made at elongation on two stars which eloneate 

term may S? bT^ncellef to ^ the ktltude > as that 

, , Tk , s d Z i an f Z s are the azimuths at elongation of two stars whose 
decimations are 8, and S„ and a is the homontal angle 

then as sin and am Z.-S25i? 

cos l 2 cos V 

. sm Z t _ cos Si 

“ sm Z 2 cos S 2 * 

i e. sm (g±Z 3 ) _ cosS x 


smZ, 


cos S 2 5 


where the angle between the stars, z = Z -7 

conjunction, or a - Z, + Z, when in opposrtion^ ^ Sbm are m 

sm g cos Z g ± cos z sm Z„ nos X. 
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sign u-Lcn” they ore^oppMition 6 ^ “ C0 "J" nct ™ and the 

if from .t1heb^Eotand a EO^ ° b, f R ?“ 7 * dotemme 
and the value of *S2m^w°' ^“f^™ decimate 

If - ° f «• **—- 

object R be observed exactlv at 0 ^™ ^ b reference to some referring 
fo^m, -diameter, fcdirectem 0?4emeSm1 7 tSdTp^ 

w)X t S °of &SSS5Z1 S 

when the latter is be ° btam f d b Y observations to the sun 

Prime Vertical * its * «■»* ^ 

way Ti and e the g ft ^t,SL Centre °/? 6 SUn , from 0R 18 f °™d m the usual 
for parallax refrachnn !!? noted at tbe sam e instant corrections 
reqmred ’ fraCtl0n ' dl P’ and semi- diameter are apphed where 

lmotifc al tmDgIe PZS (Kg 274) tbe foI1 °^ data « 


PZ= co-latitude — obtained from a map or observed 
independently 

PS = co-decbnation (from N A) 

ZS = zenith distance = (90 - altitude) 

By the application of formulae (9) or (7) or (2), p 533, the value 
of the angle PZ>^, t e the azimuth of the sun at the moment of 
observation, may be computed, e e 


cos 2 — = sms. sm (s ~ PS) cosec PZ cosec ZS, 

or tan 2 = cosec s sm (s - PZ) sm (s - ZS) cosec (s - PS), 

or sm 8 = sm l sm a + cos Z co3 a cos Z, 

where Z = ^PZS, and g = PZ + Z8 + FS . 

u 

To obtam the decimation from the N A it is necessary to know 
the GMT of the observation , or the L M T and the longitude, as the 
rate of change of decimation of the sun is considerable, especially at 
the equinoxes, when it may be as much as 59 seconds or more per hour 

At the solstices the rate is zero 

If possible, both faces of the instrument should be employed, and 
the mean of the two results adopted. 

If the hour angle SPZ and the altitude and decimation are known, 
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the dir ection of the meridian may be found by the application of the 
sine formula (1), p 533, t.e 

sin SZP = s -^||.smSPZ. . . (8) 

sm SZ 

The hour angle is deduced from the difference between L M.T. of 
observation and that of culmination 

Similarly, the triangle maybe solved when the hour angle, and either 
the latitude and altitude, or the latitude and decimation are known 
The effect upon the result of a small error m one of the quantities 
may be ascertained by differentiation, as shown on p. 488 

With a 6-in theodolite, and single F.R. and F L readings, the 
result should not be more than 30" to 1' out of truth If two or three 
mdependent sets of F.R. and F.L observations are taken, a much 
greater degree of accuracy can be obtamed , and if the results be com- 
pared, the probable error of a single observation by a certain observer 
with a certain instrument may be roughly ascertained 

Example . — On March 24, 19 — , at 10 A M , m latitude 22°-35 '-O', and longitude 
117 0 -3Q'-15' W., the average apparent mean altitude of the sun when out of the 
meridian was 52°-16 / -9" 06 The average bearmg of the sun from a referring 
object R was 30°-14'-16'. Pmd the azimuth of OR. 

O / 0 

Mean apparent altitude . . . =52 16 9 06 

Correction for refraction 1 . . . = 44 


16 390 


Correction for senu-diameter 2 1 
Correction for parallax 3 

(8' 83 x cos 52°-15') 

True altitude . 

L M T of observation (approx ) 
Allow for longitude 4 . 

GMT of observation . 


Declination N at 0 h Mar 25 
Variation 8 =59" 09 per hour increasing,' 
* change moinCh 9 m 59 s , to bo 
deducted since time of observation is 
before 0 h Mar 25 . . 

Decimation at tune of observation 
and Polar distance (PS) 

In the spherical tnangle PZS we have 


PZ=co-lat = 67 25 0 

PS=co-dechn = 88 47 29 9 
ZS= co-alt = 37 28 25 64 

2 )193 40 55 54 

* = 96 50 27 77 

<s-PZ= 29 25 27 77 
*-PS= 8 2 57 87 

a — ZS= 59 22 213 

1 Chambers’ Mathematical Tables 

8 ^id * s ce Example on p 452 


o 

52 

16 

906 

44 

52 

15 

25 06 


16 

9 30 

52_ 

31 

34 36 
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10 

0 

0 

7 

50 

1 

17 

50 

1 
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= 1 

18 

34 5 


6 

04 4 

= 1 

12 

301 

=88_ 

47 

29 9 


1 (Mar 24 ) 


2 Nautical Almanac 
8 Ibid 
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By the application of formula (9), p 633 

log cosec s . == 0031030 
log sin («-PZ) . =1 6913242 
log sin (s-ZS) =1 9347262 
log cosec (s - PS) = S537882 

2 ) 4829416 
log tan £Z= 2414708 

£Z= 60°-9'-57' 5 
Z=120°-19'-55' 

By the application of formula (11), p 533 

log sin s =1 9968970 
log sm (s-PS)=T 1462118 
03464G8 
2158119 


log cosec PZ = 
log coscc ZS = 


2 )1 3935675 
log cos £Z=1 6967838 

iZ= 60°-9'-57'5 
Z=120°-19'-55' as before 


But the beating of the sun from R =30°-14 , -I6 e ’ 

Therefore the azunuth of R measured clockwise from the north =90°-5'-39' 

(10) Extra-Meridian Observation of a Circumpolar Star, or of a 
Star near the Prime Vertical — The procedure m this case is similar to 
that described in Method 9 for an extra-meridian observation of the 
sun, with the exceptions that — 

(1) No corrections are necessary for semi-diameter or parallax 

(2) The decimation vanes very slowly, so that it is not necessary to 

know accurately the L M T orGMT m order to obtain this 
quantity from the N A (See Question 9, p 537 ) 

In the case of the circumpolar star, the apparent velocity is much 
less than that of the sun, hence there is more opportunity of taking 
F R and F L observations without undue haste 

Method 10, of which Method 8 is a particular case, is therefore 
rather more reliable than Method 9, though as the work must be done 
at night the sun is rather more convenient for many purposes 

Example ,— At a certain time on Nov 2 the bearing of a Andromedae from 
a referring object R was 84°-I6'-0' The mean altitude corrected for refraction 
was4S°-14'-27' Latitude, 45°-18'-20' N Decimation from N A 28 -36 -/ 3 
Find the azimuth of R 


Lat . • —45 18 20 

Therefore co-lat =PZ= 44 41 40 


44 41 40 


Altitude . . =48 14 27 

Therefore co-alt = ZS = 4 1 45 33 41 45 

N Decimation N . =28 36 7 3 

' ' Co-declin =PS . =61 23 52 < _6I_23 _52_ 7 

\ ~ 2 )147 51 057 

= 73 53 32 9 

3= 12 31 402 
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By the application of formula (11), p. 633 

log sms =1 9826800 
log sin (s- PS) = 13362872 
log coseo PZ = 1628434 
log cosec ZS — 1765251 

2 )1 648335 7 

log cos 1=18241678 
z 

|=48°-9'-32' 74 
Z— 96°- 19 / -5"5 

If the star is m the west at the time of observation, a sketch will show that the 
bearing of A from the north is 360 o -(84°-16 / -0'+ 96°-19'-5" 5), i e 179°-24'-54" 5 
nearly 

If the hour angle is known, i e the M T interval since culmination converted 
into L S T. and then into arc, l Z may be found by the sine formula (1), p 633, 
» e. if i.P=48 0 -66'-6', 

log sin P =1 8773511 
log sin PS =19434777 
log cosec ZS= 1765251 

log Bin Z=I 9973539 
Z=96°-19'-6' 4 


Longitude 

Longitude is calculated by the comparison of local time with the 
time at the standard meridian Eg if the meridian at Greenwich is 
adopted as the standard or zero meridian, the longitude of a place A 
may be found by notmg the difference between Greenwich time and 
the local time at A 

Thus if mean noon at A occurs at 12 35 p m GMT, the longitude 
of A will be 8 -45 W (see Chapter XVI ) ' 

The determination of longitude thus involves two problems : 

(1) The determination of local time 

(2) The determination of Greenwich time. 


Local Time 

The chief methods adopted for the direct determination of loc 
time are 

(1) Shadow from sun (very rough). 

(2) Meridian transit of the sun or a star. 

(3) Equal altitudes of the sun or a star 

m Ex * ra -meridian observation of the sun or a star 
(1) Shadow from Sun -Local apparent noon may be very rough] 
ascertained by notmg the time at which the shadow of a vertical do 
thrown by the sun is of minimum length (see n ^ i 

by taking the mean of the times at w&ch the end^f the shadoiTcu 

™ C1IC 6S descnbed about foot of the pole or plumb-lme 
, k-P Cal mean n °ou may be deduced from this bv addins or subtrac 
mg the equation of time found from the Nautical Almanac. 
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(2) Meridian Transit of the Sun or of a Star— If the direction 
of the meridian is accurately known, the transit of the sun or a 
star may be observed with a theodolite, and the chronometer time 
noted 

When the sun is observed, the mean time of transit of the two 
limbs is noted 

This determines local apparent noon, to which is added or sub- 
tracted the equation of time to compute local mean noon 

When a star is observed, the local mean time of transit is calculated 
from the Nautical Almanac (as m Example 1, p 452) and compared 
with the time recorded on the watch of the observer. 

(3) Eaual Altitudes of the Sun or a Star. — When the direction of 
the meridian is not accurately known, the time of transit, as recorded 
on a watch, may yet be ascertained by noting the times at which the 
sun or a star has an equal altitude before and after culmination, and 
taking a mean of the values (cf Fig 281) 

By this means several sources of error are avoided, eg 

(а) The actual altitude is not required, so that errors of graduation, 

index error, etc , are eliminated 

(б) Refraction will probably have about the same value for each 

observation, so that no correction need be applied 

(c) In observations upon the sun the semi-diameter correction is 

unnecessary, if the same limb is observed upon each occasion 

Consequently very accurate results may be expected when a suitable 
star, t e one with a large polar distance, is observed. 

(4) Extra-Meridian Observation of the Sun or a Star —By means 
of an extra-mendian observation on the sun or a star, the hour angle 
may be calculated if the latitude and decimation are known, and it 
the altitude is observed, * e. by the application of formula (10), p 533, 

sm = V sm ( s “ SP) sin (s - ZP) cosec . SP cosec ZB, 

2 

or from the fundamental formula (2), p. 533 

sm a = sm l sm S + cos l cos 8 cos P, 


or 

in 


,f the azimuth of the star (or the eon) from the .meridian is observed, 
addition to the altitude, the erne formula may be applied, • 


smP = 


sm Z . sm SZ 


. (9) 


prime vertical (see p. 439). 
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A single F R. and F L observation should yield a result within, 
at most, one second of time (see Example, p 490), but with several 
observations of course much greater accuracy can be obtained. 

Example — On March 24,19— , in latitude 22°-35 , -0", and longitude 117°-30'-15* 
W , the mean apparent altitude of the sun’s lower limb was 62°-16'-9" 06 The 
chronometer read 10 h. 0m Os am. What was the chronometer error on 
LET. ? 

otu 

Mean apparent altitude. . . . =52 16 9 06 

Correction for refraction from tables 1 = 44 


v r 

i u 

Correction for semi-diameter 2 16 3 90 

52 

15 

25 06 

! 

/ 

\ 

t 


Correction for parallax 2 . . 6 40 


16 

9 30 

t 

1 


True altitude 

52~ 

31 

34 36 

1 

t 

- 

Chronometer time (a m ) approximately 

H 

=10 

M. 

0 

S. 

0 

I » 

l 

1 < 


Correction for longitude . 

= 7 

50 

1 

t $ 


Therefore G M T. of observation . . 

if 

50 

1 (Mar 24 ) 

/ 

. i 

* 

*• 

Decimation 2 N at 0 h Mar 25 . 

Change in 8 (59* 09 per hour) 2 

o 

= 1 

18 

34 5 

t 

i 

1 


(Deduct See example, p 465) . 

= 

6 

044 

r 

Decimation at time of observation 

= T 

12 

301 


s' 

f 

UT t S 

’v 

and Polar distance (PS) 

We have then in the sphencal triangle PZS 

=88 

47 

29 9 

* 


f t 

, l 


/ 

. r ' » 


.* /' 


ZS= co-alt = 37 28 25 64 
PS=co-dechn = 88 47 29 90 
PZ= co-la t = 67 25 0 00 

2 )193 40 55 54 
e= 96 50 27 77 
«-PS= 8 2 57 87 

«-PZ= 29 25 27 77 

Applying formula (10), p 633 

log sm 8°-2'-57* 87 = 1 1462118 

log sin 29°-25'-27" 77 =T 6913242 
log cosec 8S°-47'-29*9= 0000966 
log coscc 67°-25'-0* 0 = 0346468 

2 )2 8722794 
log sm |=T 4361397 


Chambers’ Mathematical Tables 


2 == 16°-50'-31" 22 
P=31°-41'-2* 44 

2 Nautical Almanac. 


f-' •>' 1 V , \ ■ 

i w 1 > ’ X 

Z4 t* ‘ 1 

■ t4V 

- < ' ■ V 

i»-| 

I r V > v 


* « 







f ^ «• r 

' / ‘ ' 

V 



r r . 

A 

»•, ) ’ v ^ 

*: s y _ « 

v >*' ‘ I 

^ . 

) ' 

* - \ ' - v 
v' ■ v ‘ - , r - 

* 'M- 

r ^ t 

, .it 

- . 

^ 1 .' : r 


' f i 1 , 

470 




~ <S- 


“? ' 
l*' A •' 


SURVEYING 


v 

/ , 

> 


i , 

J-v ’ 

/ /*J I 


• *1* 


I *»• 

’ . i 


* i , 


•/> 


i ,; 


i ‘ I i 

. n. . 


1 >: i 


i if 

* v'/' 

. x 1 , 
> ■ : 

* * 1 {! 

i i 

> , t 1 i 

* ' . it 

, . I 


r i 

efi.. * 


•if I- 


14V ’ . 


' i r l» • 

» (•’ 1 ’ 

» , «■,' *{i > 

v ] t l 

*J {*M : 

M ,: ih 

f f s> 

At; 

, '<\, V 

* * 1 It* * 

' * i t* 1 

■. ViV 

.•:!:' : 

‘ ' 1 l 

.*( ■ 
K l * 1 \ , 

* > \\ \ 
„ . r ^ ' ' 


P in hme 

t c L A T of observation 

m s 

Equation of time (25 d 0 h ) 6 34 11 
6 h 10 m x 0 760 s per hour 4 68 

Therefore LMT of observation 

Error of chronometer on L M T . 


H M 8 
=2 6 44 16 

=9 53 1584am 


6 38 79 

= 9 59 54 63 a m 
= 537 fast 


Similarly, if the azimuth were known 120°-19'-55' from the north (cf. Example 
on p 4G7), then applying the sine formula 

log sin 120°-19'-55' =1 9360683 

log sm 37 0 -28'-25" 64 =T 7841881 
log cosec 88°-47'-29' 90= 0000966 
log sm P=I 7203530 
P=31°-41'-2" 44 

from which the error of the chronometer is calculated as before. 

Example — On Nov. 2 of a certain year in latitude 45°-18'-20”’ an observa- 
tion unon the star a Andromcdae gave an altitude (corrected for refraction) 
SVSPJF The declination from the N A =2S°-36'-7' 3 N What was the 
L S T. of the obsen ation ? 

O / U 

PZ= co-latitude = 44 41 40 
ZS= co-altitude = 41 45 33 
PS= co-dechnation= 61 23 52 7 

2 )147 51 57 

s = 73 55 32 9 

s-PS= 12 31 402 
s- PZ= 29 13 52 0 

By formula (10), p 533 ^ 

log sm (s-PZ)= 16887200 
log cosec PS = 0565223 

log cosec PZ = 1528434 

2 )1 2343729 

log sm I 6171865 
24°-28'-3' 

2 

P= 48°-56 / -6 


To convert aro into time G° 4 ™ ^ g 

48°= 3 12 0 

56'= 3 44 

6 "=_ 4 

Ihe f 

But the R A of the star uv = 3 19 44 6 

Thereto L S T. of obseroato • • __ _ — 

41 45 sTfSl oaStahtS'Jm ^ P“o, eaamplo. 
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Greenwich Time 

The chief methods of finding Greenwich mean time are : 

(]) By means of a chronometer 

(2) By means of signals. 

(3) Lunar distances 

(4) Lunar occupations 

(5) Moon-culmmating stars 

(6) Meridian altitude of the moon 

(7) Eclipses of Jupiter’s satellites 

(1) The Chronometer is employed chiefly for nautical purposes, hut 
it is not always so convenient for survey work 

The “ rate ” of the chronometer, % e the rate at which it gams or 
loses, must be accurately determined by frequent comparisons with 
standard time, so that the error of the watch at the time of any given 
observation may be calculated 1 

It is not necessary that the chronometer shall always record Green- 
wich mean time directly, provided that — 

( 1 ) The error at some specified instant is known 

(u ) The “ rate ” of the chronometer is uniform and also known. 

(2) Signals —Greenwich or Standard tune may be transmitted 
either by ordinary or by wireless telegraphy. 1 Heliograph and other 
signals have also been adopted 

If the difference m longitude between two stations A and B is 
required, it is advisable that a number of telegraphic signals be sent 
m each direction, and the mean result adopted. This procedure 
eliminates errors due to the fact that the transmission of the signal is 
not instantaneous, but occupies a definite period of tune It also 
enables the readings at certain instants, and the rates of the chrono- 
meters at A and B to be compared 

If, then, a.t each station the tune of transit of a chosen star 
is observed, the interval between the transits at A and B may 

computed^’ and fr ° m tkS the dlfference m longitude can be 

fist-sasc!*- £*££%& 

formerly, they miy bit “* “dated now as 

equal to the difference of Sight ascensions "‘“eh 18 

However, a theodohte is not suitable for the determination of 
1 Seo Appendix I p 523. 
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longitude by this method, as the angular distance to be observed is 
usually in an oblique plane A sextant is accordingly employed 
It is advisable that the altitudes of the two bodies should be 
observed m addition to the lunar distance 

The method is not very satisfactory, because — 

(i ) The calculations are laborious To “ clear the distance ” a 
number of corrections are necessary, those for “ refraction,” “ parallax,” 
and semi-diameter being the most important 

The distance from the earth to the moon being only about thirty 
times the diameter of the earth, the reduction of observations to the 
centre of the earth is very essential 

(n ) The results obtained are very liable to error unless a large 
number of observations are taken and the mean adopted For 
instance, an error of 10* in the measured distance — and sextant 
observations can rarely be relied upon for more accurate results 
than this — will produce an error of about 5' m longitude, which 
corresponds to a displacement of over five miles at the Equator 
(4) Lunar Occultations — Tins method is strictly a special mstance 

of the method of lunar distances 

The local time at which a certain star is occulted by the moon is 
observed, and at that instant the uncorrected lunar distance is equal 

to the semi-diameter of the moon 

The G M times of immersion and emersion of certain stars are 
tabulated in the N A , but, owing to parallax:, the stars thus tabulated 
only appear to be occulted at certam latitudes, and not at other 

S °"Spt Tan orto^Vm theodolite « 

enough to observe the occultations, and even with a larger telescope 

the mean of a number of occultations would be required 

(8) Moon.5Ttom.atog Stors-In the Na«txal Almanac, nnder 

xJSSte it > obmous that the G M T. at which the B A has 

moon can be determmed » the 
field, theh M T of the observe rtwn _oan be mendia „ 

The method employed “ **5?^ ^ Staton and KA as 
of a star which has apprommay *h ^ tim e which elapses 

£LK"to4"moon, hnght bmb ower the 

meridian . r ja a f or ea ch day of the year 

Suitable stars are given m the iv . . { t ^ e moon s bright 

Knowing the BA of the star, the the 

limb is deduced, ^5 e ^°oto«d”th the L M T of transit 

*4. tb ena” the lon^tnde to be computed. 
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(6) Meri dian Altitude of the Moon.— If the mendian altitude of 
the moon is observed, and if the latitude is known, the decimation 
may be calculated. From this, as m the N A , the decimation of the 
moon is tabulated for every hour of G M.T.. and also as the variation 
in 10 minutes is given, the G M.T of observation may be deduced. 
Corrections must be apphed for parallax, refraction, and semi- 
diameter. 

(7) Eclipses of Jupiter’s Satellites. — The G.M T. of the immersion 
or emersion of Jupiter’s satelhtes are tabulated in the N.A., so that 
if the L M T is noted at which the echpse of one of the satellites is 
commenced or completed by the shadow of Jupiter, the G M T. may 
be found and the longitude deduced 

Captain Sumner’s graphical method enables the position of the 
observer to be plotted upon a globe or chart, if two altitudes of the 
sun, with the G M T. of the observations, are noted. 

Thus, knowing the GMT of the first observation and the equation 
m time, the longitude of the sun can be found, the value bemg G M T.T 
E The declination of the sun is also known, so that on the globe 
may be plotted a pomt above which the sun is exactly overhead. This 
point is known as the sub-solar pomt. From the observed altitude 
of the sun the zenith distance may be computed, allowing for dip, 
refraction, parallax, and semi-diameter. Then, upon the globe the 
!? CUS P laces w J lcl1 tave the same zenith distance, is a circle, with 

mcle ° f 

kitten Ib-stetotimte 116 6ame pmp0Ee ’ ccntres 

to «- > ™*od of procedure, „™ g 

mately known, g an d hJnce it ^ observer * ve ry approxi- 

circle Li fact, upon a charttlS ™f ecessar y to tIle whole 
ftct * be repressed as 8 ° ^ m estent 

dicular to the line joining the LS¥^ n \ Wlucl1 18 P er P en " 

ffiSK" - A of 

qoertlySfo r “ ““^of^opted ^ ^Surveyors, bemg more fee- 
to other works for a fuller dSption. ^ U therefore referred 
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“ pairs ” of stars 


Latitude 

The following are a few of the chief methods employed for the 
determination of latitude 1 3 

(1) Altitudes of Polaris at upper and lower culminations. 

(2) Meridian altitude of the sun or a star 

(3) Meridian altitude of one or more 

(4) Circum-meridian altitudes 

(5) Extra-meridian altitudes 

(G) Extra-meridian altitudes of Polaris 

(1) Altitude of Circumpolar Star at Upper and Lower Culminations — 
As already mentioned, and as may be seen from Fig 284, the latitude 
of a place (i e the arc EZ) is equal to the altitude of the Pole (i e the 
arc HP) Consequently as the altitude of the Pole is the mean of the 
altitudes of the Pole star (or any other circumpolar star) at its upper 
and lower culminations, the latitude may be determined from the 
measurement of these two quantities, after applying the usual correc- 
tions for refraction, etc. 

It is not necessary m such a case that the decimation of the star 
should be known, but the times of culmination must be ascertained 
(see Example 1, p 452) 

The two observations are necessarily twelve hours apart, and 
consequently, as m Method 5 for meridian, this method cannot often 
be resorted to 

(2) Mendian Altitude of the Sun or a Stax— If the decimation of 
the sun or of the star is known, it is unnecessary to take observations 
at the two points of culmination sufficient data is obtained if the 
altitude at either one or the other is observed 

It is always advisable that both faces of the instrument should be 
used but as the observed body is not at rest, one at least of the 
observations is necessarily made when the sun or star is shglitly oft 
the meridian, and consequently the result obtained is not as accurate 

as those derived by the methods to be described later 

In the case of a star near the Pole, eg. 
Polaris, the error introduced in altitude is 
small, but it is more considerable in the case 
of the sun or of stars at some distance from 

tlie The 6 latitude is best deduced from the 
altitude — corrected for refraction, and, u 
necessary, for parallax, semi-diameter, an 
dip — by means of a sketch 

Thus in Fig 284, if the plane of the 
paper represents the plane of the meridian 

f 315 
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If upon any of the remaining arcs, the body would be below the 
horizon, and as a rule invisible 

The altitude m each of the four cases =H 1 S 1 , HS 3 , HS 4 

The decimation in each of the four cases = +E 1 S 1 , +ES 2 , +ES 3 , 
-ES 4 

The latitude is therefore the arc EZ or HjP, % e 

(1) Latitude = 90° - (declm - alt ), u alt. + co-declm. . (10) 

(2) Latitude = declm +alt -90°, le alt - co-declm. . (11) 

(3) Latitude = 90° - (alt - dechn ), % e . co-alt. + declm. . (12) 

(4) Latitude = 90° - (alt. + dechn.), i.e. co-alt - declm (13) 

Example — An observation for latitude was made on Dec 30, 19 — , m 
longitude 82°-17'-30" E , the meridian altitude of the sun’s lower limb being then 
40°-15'-13" What was the approximate latitude of the place (a) the sun being 
south of the observer’s zenith , (b) the sun being north of the observer’s zcmth ? 

O / 4f 

Apparent altitude . . =40 15 13 

Correction for refraction 1 (allowing for temperature and 
barometer — from tables) ... = ] 10 

40 14 3 

/ a 

Correction for semi-diameter 2 . . 16 17 6 


Correction for parallax 8" 95 x cos 40°-15' 

69 

16 24 4 

True altitude 


=40 30 27 4 

H 

M 

5 

To convert longitude to time 82°= 5 

28 

0 

17'= 

1 

8 

30"= 


2 

= _5_ 

29 

10 

G A T at the time of observation. 


~ 

i e at L M N on Dec 30 =6 

30 

60 


Sun’s decimation at G A N , 2 Dec 30 (and it is ° 
decreasing at the rate of 9* 17 per hour) 2 . =23 

Therefore at 6 h 30 m 50 s Dec 30, the in- 
crease was 9 17 x 5 J ^ _ 

Sun’s decimation (5) at L A.N. =23 


/ f 

13 15 OS. 


50 4 

14 5 4 S. 


By means of a sketch it may be seen that in case (a) 
Lat =90° — (a-f-3) 

= 90°-G3°-44 , -32'8 
= 26°-15 , -27" 2 N. 


In case (6) Lat = 90° - (o- 5) 

= 90°- 17°-16'-22" 0 
= 72°-44'-38 g 0 S. 


1 Chambers’ Mathematical Tables. 2 Nautical Almanac, pp 20-29, 54, 29. 
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(3) Meridian Altitudes of Pairs of Stars— A greater degree of 
accuracy may he obtained by observing the meridian altitudes of pairs 
of stars, one star of each pair being north and one south of the 
zenith. 

The stars selected arc, of course, not on the meridian at exactly the 
•tame instant, as the two meridian altitudes could not be observed 
simultaneously with the one instrument The exact time of culmina- 
tion of each of two stars, which have only a slight difference mSA, 
ix therefore deduced from the Nautical Almanac , and at the ascertained 
time* a F.ll and a F.L observation is taken to each 

The result is that the computed latitude is found from the differ- 
nice in the altitude*, and from the sum or difference of the declina- 
tions. Hence any index error m the vertical circle, and some of the 
effects of refraction arc eliminated, especially if the altitudes, one to 
the north and one to the south, are nearly equal and greater than 

about 45". , , 

Thus if in Fig. 28 1 P is considered the North Pole, the star, when m 
position? Sj and &, would be north of the zenith, and when in positions 

k and S. south of the zenith 

There arc consequently four suitable cases of pairing: 


S x and 
Sj and S 4 


S, and S 3 
S, and S 4 . 


Thus if a„ a,, av and a 4 arc the altitudes, and 8j,S 2 , 8 V and 84 
the decimations m the four positions, then combining S x and S 3 from 
equations (10) and (12), p 475, 

fj *= a 4 + (90 — 8,), 

7 _ 700 _ 4. 


therefore the mean xaluc of the latitude, ie. 

h + h- a iZ3-hzh + 90. 
~2~ ~ 2 2 


Similarly, combining S t and S 4 , 

_ai“ a 4_§Lil^90; 
lat 2 ^ 2 
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combining S 2 and S 3 , 


lat. 


tS 5 — T O 1 


combining S 2 and S 4 , ^ ^, Qj + § 2 -S 4 


n A « due to Talcott, and for very precise work is 
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zenith to view that upon the opposite side, the latter appears in the 
field of view, and the difference between the zenith distances (or 
altitudes) is then measured directly by the movement of a micrometer 
wire in the eye-piece of the instrument. 

On the Transvaal and Orange River Survey, a 10-in. Repsold was 
used as a zenith instrument, ana the following results were obtained : 

Group ( 1 ), the probable error of a smgle declination = ±0" 40. 

Group (u.), the probable error of a single declination = ±0" 62 

Or out of the thirty-five points in Groups (i ) and (u.), the mean of 
the probable error of a single pair was 0" 33, 

Group (l ), the probable error of the final latitude = ±0" 13. 

Group (n ), the probable error of the final latitude = ±0" 16 

The number of pairs observed at a station varied from seven on 
two nights at Salt Lake, where the final result was computed to have 
a p.e of ±0" 30, to sixteen at Blaauwberg, where the result was 
computed to have a p e of ± 0" 13. 

On the Geodetic Survey of Egypt, 1 the practice was to observe four 
pairs of stars on at least three nights, with a 10-m Repsold theodolite 

From special observations carried out at Helwan Observatory, 
where the latitude was determined by the same method, at monthly 
intervals, it was found that the p e of a single night’s observations, 
considered independently of other results, averaged about ±0" 1, but 
that the monthly means varied considerably, %.e. from - 0" 9 to + 0" 9 
from the mean. 

The p e of a monthly set of observations, as computed from the 
total senes of eleven, was i 0" 5, % e this was apparently the p e of 
the latitude determined at any particular station in the field 

(4) Circum-Meridian Altitudes of the Sun or a Star— The altitude 
in this case is observed when the sun or star is approximately upon the 
meridian, % e. within 10 to 15 minutes before and after culmination. 

This allows several 3? R and E L. observations to be made 

The mean of several sets of observations made upon various stars 
should be adopted for accurate work. 

The exact L M T. of culmination must be deduced from the N.A. 
and that of each observation must be booked * 

The meridian altitude, or the zenith distance z, may then be 
deduced by means of a formula 2 originally due to Delambre, i e 

3=2^ (Am -Bn), . . . (14) 

where z x is the observed zenith distance. A = — cos 5 B=A 2 rnf* 

2 sm 2 1 2 sin 4 -| 

m sm 1" ’ n ~ sm I” 5 8 = declination, t = hour angle. 

. ~ ' BA Report, Sect E, 1908 

- uhauvenefc, Spherical and Practical Astronomy, vol l 
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Approximate values of l and z must be assumed in calculating A and B. 
Values of m and n for each value of t may be abstracted from tables 
Mean values of m and n (say in Q and n 0 ) may then be deduced and 
substituted in the above formula, i e 

z=z 0 T(A?» 0 -Bm 0 ), 

where z 0 is the arithmetical mean of all the observed zenith distances 
z i 

The -' c sign is taken for an upper culmination, and the +' e sign 
for a lower. 

The value of z, and hence that of the meridian altitude (%e 
a=90-z) being known, the equations given for Method 2 may be 
employed to determine the correct latitude 

(5) Extra-Mendian Altitudes of the Sun or a Star — The altitude 
of the body and the L M T of observation are taken at any convenient 
time, v hen the sun or the star is not on the meridian 

In the spherical triangle PZS the following data therefore is known 

or can be deduced 

SZ= co-altitude or zenith distance. 

SP = co-declmation or polar distance 
Z. SPZ = hour angle. 

By the application of the sme formula (1), p. 533, the azimuth may 
be calculated as in Method 9 or 10, PP 464-467, » e 

sin Z. SPZ sinPS 
sm Z. SZP 

Conversely, if the ^eton of the 

may d tto b“e ° f * e 

formula (6), p 533, % e 

PZ s m \ (Z.Z + 4 j? . tan k (SP - SZ) 
ran -g- - gm i Z-Z.P) 

As on alternative, the value of PZ >“>3r be ^mgh to is not so 
the data hy means of equation (2), P 

convenient, ic. 

cos zs - eos PZ cos PS ♦ sm PZ sm PS cos SPZ, 

sin a =» Bin I sm 3 + cos L cos 8 cos^P 

, , i 20°'30' W , on Deo 16, 19 — , «® r m b “j^ a a [titiido 
Example.— ^ J h dc un » s lower limb at 3 10 im ^ ’ wa3 south of 

latitude was made *££ ^ latltud e of the place ? The 

being 40 -zs -*» • 


1C 


av,n observer. 


4 


*u / 
1* * 


1 * 
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Apparent altitude 

II 

28 

if 

17 

Correction for refraction 1 

= 

1 

10 5 


40~ 

27 

65 

Correction for semi-diameter 2 


16 

16 7 

Correction for parallax 2 =8 94 x cos 40° 27' 

= 


68 

True altitude 

= 40" 

43 

30 

Co-altitude (ZS) 

=49 

16 

30 


H M S. 

LAI T of observation . . = 15 10 0 

120°-30' W longitude . . = 820 


GMT of observation Dec 16 

= 23_ 

12 

0 

Decimation 2 S at 0 h Dec 17 

= 23 

19 

36 6 

Increasing to S at T 26 per hour 8 




Therefore correction for Oh 48 m 

= 

0 

58 

Decimation at tune of observation 

= 23 

19 

30 8 

Co-declmation 

=113 

19 

30 8 


H M 

s 


E at 0 h Dec 17 . = 

4 

19 9 


Increase at 1 217 s per hour = 


10 


E at time of observation = 

4 

20 9 


Interval smce L M N = 

3 10 

0 



Interval since LAN = 3 14 20 9 
Therefore xlP m arc . =48° 35' 13" 5 


In the spherical triangle PZS 

ZS= 49 16 30 ) 
PS=113 19 30 8 V 
/LP= 48 35 13 5) 


lZ may therefore be calculated by the sine formula 

log sin P = 18750393 
log cosec ZS = 1204169 

log sin PS = I 9629714 
log sin Z = I 9584276 
Therefore Z = 114 o -40 , -18 r 


To solve the spherical triangle again for ZP, 

40? + Z) 
i(Z-P) 
i(PS-ZS) 


The latitude of the place is therefore 



log tan 4 PZ=0 0549593 - 
JPZ=48°-36'-56"55 
PZ = 97 0 -13'-53' 1 

.= 7°-13'-53' 1 S. 


Chambers’ Mathematical Tables * Nautical Almanac, pp. 20, 54, 20. 


1 




( 

* 

r 


t 


I 


j t 



> i 


i 





< 


» 





i 



- « c * 

1 * V 


■r« 


_ V 

l t* . ! *. ‘V** 


v. , 
' „ .% .« 
— 4u« ’■* ' , . 


,* , 

* ~\ r 

t* * 

V 

i < 


. X. * 

- * 



*«* 
*J i 


jtf f 


• i r ff 

<• " i! 

; » 1 ‘ 

•! ‘M. 


x’ 


< V 


'. l 


4 i k 1 

, 1 { ", 

* } 

'• * ; 

I V <i • 

' '\ .; • 

, <ii' * 

,|i t j , 

5 i » 

j ; 

ft * 


•• t, 




» 


{ 


» ! l 

! i 

• ii 

.» ‘it 

. ,i »‘ (' j 

’ , 1 i 

,* i ' .■ 

'ti, 

.» >f ‘*;i:ij 

• *u * 

I 

’! 


t '» V , » I 

i t >, 1 - 1 
■■ .1 


I V *.. ‘ i 

. 1 f ij 1 >,» *' 

>_ ,l{ * i'l j * 

u •‘lii 

A;- ' - - 

</ 


«r> 


\ > 
* i : it 


. .*i*l 


t it’ t,l 

- 1*» 'J 

‘ i \ 

■ i i 


i 

i 

i*, 

I* 

! 

1 


M V V 

' 'I - ! 1 

- ^Ut 
V’. ,!■ " 


-U' 


! lv. 


< i> 

i l ■ 


iv. : ij 

tyyk 

■• '"u'ln ' 

<i * i*v 


; » *4;V 

•k 

'•-i *. 

* » if- 


4 


* - V 

hi ? >4/ 







480 


SURVEYING 


(6) Extra - Meridian Observation of Polaris. — This method is a 
special case of Method 5, but, owing to the proximity of Polaris to the 
Pole, a special formula is generally employed 

In the spherical triangle PZS the known data is 

PS = co-declination (%e. 90-8) or polar distance =p say, ob- 
tained from the N A 

ZS = co-altitude or zenith distance = 90 -a, determined from 
the measured altitude. 

ZPS = Z. P = the hour angle of the star at the time of observa- 
tion. 

From equation (2), p 533, 

cos ZS = cos PZ cos PS + sm PZ sin PS cos P, 
or sm a = sm £ cos p + cos l sm p cos P . (15) 

Writing l = (a -x) say, and expanding by Taylor’s Theorem, 

3 ? 


X 


sm 


Z= sm (a - x) — sm a - x cos a - -gj sm a + g, cos a + . . . 


X' 


.2 


a? 


cos f = cos (a - a) = cos a + ® sm a - 2 j cos a - g , sina + . . . 
n3 


sm 


p° , 

smp= s ‘p-7j7 + • • 

COS -p = 1 “ Tp- + • • ♦ 

Substituting m formula (15) 
a [j [sm a — x cos a --g sin “J 


+ [p - ^ 3 ] [cos P] [cos a + x sm a - \ cos a] 
P - i sm a (® 2 -* 2*p cos P + p 2 ) + • • 


sm a = sm a - * cos a + p cos a cos 

j p _ \ tan a (a 2 - 2a;p cos P + f ) + 
ox 1 


X 5 = p COS Jl 2 


P ns a first approximation, and substituting m the 
2S&25 loZ* of ? and * the second. 

,;=ycosP-ltanaJ. 2 (l-oos a P) 

=pcosP-l? 2 to n<,sm>P ' 

a r, ore m radian measure, and as p 

SP nB 

1 » s.n 1* - P «a 1' 008 P - ^ 3,2 "* r , tan “ S “ ' ' 

UpoosP-l^l'fP^PlHnno, 

where * p «e m ^°nds. 
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LATITUDE 

Thus the form of equation generally adopted is 

l =_ a - p cos P + i sin 1" (p sin P) 2 tan a 

Eor very accurate work still further terms in the expansions may 
be employed 

The next term m the expansion 1 is 

sin 2 1" cos P sm 2 P. (1®) 

The maximum value of this may be found by differentiating with 
respect to P, * e 

— = cos P . 2 sin P cos P - sin 3 P = 0, 

SP 

i,e sm P (2 cos 2 P - sm 2 P) = 0. 

For a maximum, 2 cos 2 P = sm 2 P , 

tan 2 P = 2, 

ie P = 54°-44' roughly. 

a/2 1 

Substituting in (18) an P=^= and cos P = y|, sm l'« 
0 000004848, and p = l°-9'-12" (m 1914) = 4152". 

eg (maximum) = 0" 215 

The following corrections vary in sign, and their values may be 
found in a similar manner 

Equation (17) may therefore be taken to give the value of the 
latitude to the nearest second at least 

In the N A the values of the 1st and 2nd corrections were 
formerly given, together with a third correction, depending upon 
the true and assumed values of p and a 
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• (17) 


Example — On July 2, at 10 h. 15 m. p.m in longitude 36°-14'E , the observed 
altitude of Polans was 48°-15'-10", the barometer being 30" 1 and the temperature 
58° E. What is the approximate latitude ? 


Appaient altitude 
Mean refraction for this alt 
Correction for temperature 
Correction for barometer 


— 51*1 
+ 1 " 

- 1" 


48 15 10 
51 


True altitude 


. =48 14 19 


To find L S T of observation, 

LM.T of observation 
Correction for longitude 

GMT of observation 





H 

M 

S 

• 

• 

• 

. =22 

15 

0 

• 

• 

• 

. = 2 

24 

56 

• 

• 


= 19 

50 

4 


x Vide Chauvenct, Spherical and Practical Astronomy 
~ Chambers’s Mathematical Tables 
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SURVEYING 


S T. of G M M 1 (i e Oh July 2) 

Correction for longitude (MT) . 

Add 9 86 secs for each hour to convert to sidereal time 2 
(cf Example 2, p 451), 19 li 50 m x9 86 s 

L S T. of observation 

The E A of Polans 3 

Therefore the hour angle P 

Therefore the angle P m arc 

The decimation 3 =88°*50'-43' * p=90-5 = l°-9'-17"=4157 


H m s. 
= 6 36 44 
= 2 24 56 

= 03 16 

= 9 04 56 
- 1 28 26 

= 7 36 30 

=114°- 7 , -30* 


The first correction p cos P=4157"x cos 114°-7', 
log p . . —3 61878 

log cos II4°-7'-30 g = l 61 144 
3 23022 

and e 1 . = - 1699 I secs or-28'-19 ir 


i > 


I ( 


. i 


i ’ 
■ ‘ < 


’ i 




1 


VSP*«^' 
n/ 1 - 
» <* *» 


t * 
i 


i 


( • 
M * 

i 

i 


MI- 

•Ml 

ju , 

Ml i 

! 

' \ 


The second correction = hp* tan a sin* P sin 

log* . =1 69897 

log® . . =3 61878 

logo . =3 61878 

log tan 48 0 -14'-19'= 04921 
log sin 114°-7'-30' =1 96031 
log Gin 114°-7'-30' =1 96031 
log sin 1' = 6 68557 

log e 2 = 159193 
e.= 39 1 secs 

The approximate latitude is therefore a-e 1 +e 2 , i e. 


e,= 


o 

/ 

If 

48 

14 

19 


28 

19 

48 

42 

38 



39 

48 

43 

17 


Special Instruments — -Two special mstruments occasionally nsed 
for astronomical observations ° ^moiy transit theodolite, 

th^ latitude of the instamenti as made by 
is read by means of a toed into math ^ „ „ „p„, 

i Navi, cal Almanac, p 14 (or use ST of Ob *> 

4 h = !«7 Almamc S* m.r W. -1 be need 
s Kauhcal Almanac, p 30o 
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To read tlie declination arc, a rotating arm winch carries a vernier 
at its extremity is provided In addition, this arm carries a lens at 
each end, and 'at the opposite ends two small silver plates, upon each 
of which two horizontal and two vertical lines are engraved. Ihe 
former are known as “ equatorial lines,” and the latter as hour lines 
To determine the direction of the meridian, and local time, tne 



Fxa 2S5 


instrument is accurately levelled, the co-latitude of the place set ofi 
on the ordinary vertical arc of the theodolite, and the declination of 
the sun at the time of the observation — corrected for refraction — set 
off on the decimation arc 

The horizontal scale plate of the theodolite having been clamped 
at zero, the instrument is rotated about the ordinary outer vertical 
axis, until one of the lenses is directed towards the sun and throws 
the image of this upon the opposite silver plate. 
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The declination arc is then rotated slightly backward 1 ? and fw-wank 
about the polar axis, and tlic path of the image of the sun upon the 
silver plate noted If the image travels horizontally in such a wa\ 
that it keeps exactly between the equatorial lines, the lower chrup 
of the theodolite axis is tightened, and the telescope will be found to 
he in the meridian 

If not the body of the instrument is turned slight Iv about the 
outer vertical axis, until the path of the image does fall within the 
equatorial lines, when the declination arc is> slightly rotated about 
the polar axis The “polar axis” is then parallel to the polar axis 
of the earth 

The operation is completed more quickly if the approximate direct toe 
of the nortli is known bv means of a magnetic compass 

It is claimed that if a maumfieris used toobserve the sun’s image um .11 
the solar screen, an error of 20" in the azimuth may be detected Mjih 
In addition to the direction of the meridian, the nbme procedure 
also furnishes the local apparent time at the instant that I he im w 
hes m the small square enclosed by the hour and equatorial line. 
This is recorded upon the hour circle, which is attached to the deelina* 


^Ld the latitude of the observer, the theodolite i* accurate 
evelled (see Fig 285), and the value of the sun’s decimation at nppwnt 
icon corrected for refraction set on the dcclination aro M.ortb 
lefore noon the telescope is directed due nortli, so that tin »» * 

, ravels between the equatorial lines when the declination arc is ■ -hO* l 
•otated. The instrument is then clamped I he declination arc t 
nrned until it is parallel to the telescope, after winch the nmu* " 

saws? 5 z 

Vi * 

proved very^uccessful for tlic determination of latitude 

atlome-, upon ‘* w 

mentof a meridian arc m ’ mwi'iiil.il.-wl )■” i» 

In front of the ohjee -plnaa ‘f^'S.at fuerortn d n W'. 

(Bg 28 G) havtng Us edges h on *»«■»« . . 


re hotter face and proceed l.onron, ally and unrun, m 

ertical face of the pn«m mio the ^ c koj.c llf t ) (f tl n,» » 

.A-tetd-r-np -p.™ to 
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upwards at an angle of 60°, enter tlie lower face of the prism normally, 
and are reflected from tlie upper face horizontally into the telescope. 

If the observed star is setting towards the right of the observer, the , , 

two images formed — one by the rays through the upper surface, and one 
by the reflected rays through the lower surface of the pnsm — will appear 
to be moving in the field of the telescope towards the left , the upper ( 

image will be that reflected from the mercury At any given instant 
the two images will he upon the same vertical line, and will gradually , f 

approach each other along paths inclined to the horizontal. When the [ 

altitude becomes exactly 60° the two images will coincide, and then, as 
the altitude decreases, the images will again separate, that from the 
mercury now being the lower in the field of view 

The rate at which the images appear to move relatively to each 
other is obviously twice that at which a star would appear to move / 

through the field of an ordinary telescope of the same magnification. > 

Hence the exact instant at which the altitude reaches 60° can be * 

much more accurately 
determined than can 
the time of intersection 
of the star with the 
webs of an ordinary 
diaphragm. 

For latitude obser- 
vations stars on or near 
the meridian are the 
most suitable, while for 
time observations those 
m the neighbourhood of 
the prune vertical are 
preferable 

The co-latitude and azimuth may both be determined from the 
spherical triangle PZS when the decimation of the observed star, the 
hour angle at the time of observation, and the altitude (i e 60° cor- 
rected for refraction) are known The hour angle, and hence local tune, 
may be found when the declination, altitude, and either the latitude 
or the azimuth are known Or the hour angle and the latitude may 
both be found if the decimation, azimuth, and altitude are known. 

Absolute determinations of longitude may be made by observing 
equal altitudes of stars and the moon’s bright limb 

The methods of calculation are similar to those previously described 
m the present chapter, but additional computations are necessary to 
predict suitable stars 

Graphical methods may also be employed, similar to that of Captam 
Sumner’s method mentioned on p. 473. 

For a fuller description of the instrument and its adjustments, for 
the calculations and graphical constructions involved m its use, and 
for a discussion of the probable errors of the observations and results, 
the reader is referred to the treatise, Description et usage de V astrolabe 
a, prisme, by A Claude et L. Dnencourt. 



FiO 286 — Principle of tlio Pnsmatic Astrolabe 
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SURVEYING 


Accuracy — A few notes upon the accuracy of the various methods 
of determining the direction of the meridian, latitude, and longitude 
have already been given, with the descriptions of the methods m the 
previous pages 

An analysis of the effect upon the result of an error in azimuth, 
altitude, latitude, decimation, or hour angle may, however, be studied 
with advantage, as it is very difficult to say that such and such a 
method will give an accuracy of such and such an amount without 
knowing all the particular circumstances 

If, however, we know that using a 6-in transit graduated to 
20" the probable error in elevation 1 with a smgle F K, and F L 
observation is about ±5*, we can determine what effect this will 
produce in the result under the given circumstances, % e considering 
the magnitude of the other factors such as the hour angle, decimation, 
etc. Similarly, with measurements in azimuth, time, and latitude the 
effects of probable errors may be studied 

Considering the fundamental equation (2), p 533, 


or 


cos ZS = cos PZ cosPS + smPZsmPS cosZZ, 
sin 8 = sin Z sma + cosZ cosa cosZ . 


Differentiating with respect to 8 and Z, 

cos S 8(8) - - cos Z cos a sin Z SZ, 


t e. 


or 


SZ 


cos S 


m 


cos Z cos a sin Z cos l sm P 

= - sec Z cosec P 
S S 


(19) 


( 20 ) 
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By differentiating equation (19) with respect to l and Z, 
sm S = sm Z sm a + cos Z cos a cos Z, 

0-cost sma SI - sin Z cosacosZ St-cost cosa smZ SZ, 

SZ cos Z sm a - sm Z cos a cos Z 
cos Z. cos a smZ 


SZ 


1 / cos Z sm a sm Z /sm 8 - sin Z sina\| frnm (i 9 ) 

=hstz l^rz"s-^zV coszcosa n 

1 pin n. cos 2 Z + sm a sm 2 U 1 smZjmjj 


cosZ l 


cosZ cosa smZ 


1 r sin a - sm Z sm 8 j 
= cosZvcos Z cosa smZl 



/■ 


* 









Substituting cos P for the similar expression to (19), i.e 
sm a - sin l sin 8 
cos l cos 8 * 



SZ 

cos 8 cos P __ cos P 



ll 

|So 

cos l cos a sm Z cos l sm P’ 


le. 


8Z 

^ = sec l. cot P, . 
ol 

. (21) 

or 


^ = cosZ.tanP 
oL 

. (22) 
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488 SURVEYING 

By the differentiation of (25), 
cos l . SI . sin 8 + cos 8(8) sm Z - sin Z. 81 cos 8 cos P 

~sm8 8(8) cos Z cos P = 0. 

Substituting for cos A and simplifying, 


8Z 


C 


'sin 8 — sm a sm l 


cos Z 


H 

8(8) 


-8(8) / sm j ~ S * D a sm 8 1 

* \ cos 8 J’ 

81 cosZ= -8(8) cosS, 

..nA 7 


cos S 


cos 2 Z 
cos 2 8 


sin 2 Z 


cos Z cos Z 

Differentiating the same equation with respect to a, 
cos a . 8a = cos Z . 8Z sm 8 - sm l 81. cos 8 cos P 

«=S7 i * 7 (suia-sin/sinS)] 

“ot.icosZ smS-sinZ.* , -y 

t cos l J 


s7 ( sm 8 - sm l sm 

,a H — — I* 


cos l 

81 1 

— =? . . . : 

Sa cos Z 


(30) 


= sec Z. 


. (31) 


Several useful conclusions may be drawn from these results 
Azimuth. — Equation (20) indicates that m the determination of 
azimuth the error in the result due to a small error m decimation 

(1) Decreases as the hour angle increases, and is a maximum 

when the observed body is on the meridian 

(2) Decreases as the latitude decreases, z.c it is less important 

near the Equator than m the higher latitudes. 

Equation (21) similarly indicates that the error resulting from a 
small error m latitude 

(1) Decreases as the hour angle increases. 

(2) Decreases as the latitude decreases. 

Equation (23) shows that the error resulting from a small error in 
the measurement of the latitude 

(1) Decreases as the hour angle increases. 

(2) Decreases as the altitude decreases. 

Equation (24) shows that the error due to an error m time 

(1) Decreases as the hour angle increases 

(2) Decreases as the decimation mcreases 

(3) Decreases as the azimuth decreases. 
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LONGITUDE AND LATITUDE 489 

Latitude.— Equation (31) shows that the error in latitude due to 
a small error in altitude 

(1) Decreases as the azimuth decreases, i e is a mi n i m um when 
the observed object is on the meridian. 

Equation (30) shows that the error due to a small error in decimation 

(1) Decreases as the azimuth decreases. 

(2) Decreases as the latitude decreases 

(3) Decreases as the decimation increases 

Equation (27) shows that the error due to a small error in the hour 
angle 

(1) Decreases as the azimuth decreases 

(2) Decreases as the latitude mcreases 

Equation (22) shows that the error due to a small error m azimuth 

(1) Decreases as the hour angle decreases 

(2) Decreases as the latitude mcreases 

Tune. — Equation (24) shows that the error due to a small error m 
azimuth 

(1) Decreases as the hour angle decreases 

(2) Decreases as the azimuth increases. 

Equation (27) shows that the error due to a small error m latitude 

(1) Decreases as the azimuth mcreases 

(2) Decreases as the latitude decreases 

Equations (28) and (29) show that the error due to a small error m 
decimation 

(1) Decreases as the azimuth mcreases. 

(2) Decreases as the latitude decreases 

(3) Decreases as the decimation mcreases. 

Equation (26) shows that the error due to a small error m altitude 

(1) Decreases as the azimuth mcreases 

(2) Decreases as the latitude decreases 

The most favourable conditions for an observation by any particular 
method can be deduced from the above results by considering the 
effects of probable errors m the ascertained data 

For example, m the case of a single observation on the sun for azim uth 
the best results can be expected when the sun has its greatest hour 
angle, % e when it is near the prime vertical, provided that the altitude 
is then not so small that a large error is liable to be introduced owing 
to uncertain refraction In such a case the probable error m altitude 
is larger than might be expected for greater altitudes, so that although 
m this position the error introduced into the azimuth is smaller vrt, 
proportion to the error in altitude, it may be greater m actual magnitude 

In the determination of latitude it will be seen that the best results 
are to be expected when the observed body is on or near the meridian 

In the determination of time, on the other hand, by extra meridian 
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SURVEYING 


observations (Method 4, p 468), it will be seen that as errors m each 
of the three quantities, latitude, declination, and altitude, have a 
minimum effect when the azimuth is large, the best results are to he 

nrlum cnTi «* +lio sfoT ic nmn nr npar flip tytiitip. vprhrnl 



v altitude due to tne uncertainty oi retraction 
The p.e in a particular example, such as that on p 469, may be 
studied roughly on the following lines . 

a= 52°-lo' nearly. Assumed pe after a^single F.R. and B.L. 

observation = ± 10" say 

§ _ i°_i2 ¥ „ Assumed p e. = ± 1" say. 

Z= 22°-35' „ Assumed pe -± 3" say. 

Z = 120°-20' 

P = 31°-41 J ' 

By the apphcation of formulae (26), (28), and (27) respectively, 
the p e. due to p e in alt = ±8Pi = ±12" 55. 

* nfl P>/l 


.3 


J) 


S= ±SP 2 - ± 0" 76 
l=± SP 3 =i 1" 89. 


Therefore 8P, the p e. in the hour angle, 

= ±V(SPi) 2 + W-W 

* ±12-7" say. 
j. 85 seconds of time. 

This result only denotes the p.e. y?S 

FLXS £s than i“eoond 

RtitXl taS the 'latitude, the value o£ the 

to ie solTed i7 the *** 

EXAMPLES 1 

W « T f ‘s°f tiro 'observations ,llS * i5L 

(6) Mean of Gil L. s < oi t Greemn cb, 

“> S ”Sf T t(SmS»foron e h OTt + 39-2) . 

Correction for senu-^ametcr 
Correction for refraction - 

(e) Mean hearing of the snnfromMaAA 

1 i i 1 il ii m ~ 




a » vj 

52°-27' X 
11 h 30 m a 31. 

17°-03'-48" 4 X 
50 a -2i'-50" 
0 s -0'-05' 6 
0 9 -15'-61" 8 
0°-0'-47'4 
32°-25'. 
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, 2 (D of L) At a point in Iat N. 55°-46'-12" the altitude of the sun’s 

eontre was found to be 23°-17'-32" at 5 h. 17 m. pm. (Greenwich mean time) 
The theodolite was first pointed to a reference mark, the vernier reading being 
0°-00 / , the horizontal angle between the sun’s centre and the reference mark at 
the time of observation was found to be 6S°-24'-30". Find the geographical 
azimuth of the reference mark from the centre of the instrument 

( 

, Data . Sun’s decimation at Greenwich apparent noon 0 , „ 

on dav of observation . . 17 46 52 N. 

‘ Variation of decimation per hour . . -38 

_ } Refraction for altitude of 23°-20' . 2 12 

Parallax m altitude . .08 

f- Equation of time (app - mean) . . 6 m 6 s 

*■ I 3 Find the effect upon the azimuth of 1" error m (l ) latitude, (n.) decimation 

,, at 1 p m and at 6 p m. in latitudes 30° and 50° 

In Question 1 what would be the effect upon the azimuth of an error of (a) 1' 
m latitude, (5) 10 mins m mean time of observation, (c) 10" m altitude ? 

4 (U. of L ) On the afternoon of May 12 (5 p m by Greenwich mean time) 
at a place A, where the latitude was 51°-30'-20" N , the altitude of the sun’s centre 
was found to be 23°-5'-20", whilst the horizontal angle between the fixed line AB 
and the direction to the sun’s centre was 18°-20 , the sun having crossed the line 
over an hour before 

i Determine the azimuth of the sun from the south at the time of the observe 

, “ on » aQ d the azimuth of the line AB, having given . 

Correction for refraction, 57" x tangent zenith distance. 

Decimation of sun at 0 h May 13, 18°-07'-07" 0 N 

Increase of decimation per hour at transit. May 12, 38" 19. 

Increase of decimation per hour at 0 h Mav 13, 38' 01. 

Sun’s horizontal parallax =8" 71 

tit ^ a ^ ^ ? ) ftad the latitude of the observer from the following data : 
iiicndian altitude of a Pavoms corrected for instrument, 34°-15'-0" Tkermo- 

*•' r ’ ” Jl Barometer, 28 56 in Star south of observer. Decimation of 

a Pavoms, 57°-4'-30 S 
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decimation of the sun on June 


21°-58 / -47" 2 


ueuuuanon or tne sun on .June 1 at UMM. was 
. ' ’ ~ 0 “® observed mendian altitude of the sun’s centre at a place 

longitude 1 5 E of Greenwich was 7I°-36'-5" Find the latitude of the place. 

Given that the correction for refraction is 19" 30 
Given that the correction for parallax is 2" 90 
Given that the change m decimation per hour is 20" 49 

.1ST “* the mend " m oan le “‘ ImI “ ea 

70°-8'-S" an Indian altitudes of the sun on July 17 were 

The correction for parallax is 3" 0 
The correction for refraction is 21" 1. 


lei el Correction 
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20 
19 


10 

11 


g/n™ 2 n i" s fr oI ”? “t X «■> •* 

No correction * 21 8 » TOt h an hourly variation of 25 -36 

\o correction for sim s semi-diameter is to be made 
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n»n o?£L 


Altiludo 
Latitudo 
Declination 


53 41 24 
52 44 ON 

* • 23 9 J3 v 

GrocnmQlAncm'liL”' loV to apr ’” c ' nl tlme 


estimated (a) S=S8'-S0'N, (6) <-(£• H ,£,d S&S, 1 ”" 1 " 1 * 

uJfaUbi W °“ **»"• ™> the 

v 1,0 ’i n e t i h ° s “ m ° Tort ““I. lf the R A of Potas !lr0 ° b f 

Mi/nr 13 li 21 m II a (see Method 3, p 455) 1 1 h 37 m 59 s , and that of 

15.16 tidctlmne Gl\IT mfttl0n 00 th ° m00n ™ S made on tho ni S ht of May 

19 FVTft bnght i mb * a , S observcd to transit the meridian of the nlace at 
12 h. 30 m 15 a on tho natch, and star w Ophiuclii crossed 13 m mi £ , ° at 

]rmm n fL CC AT tr °, Cr0 7 SS ^ G5 66 SldereaI seconds than tho bright"hmb 
lrom tho Nautical Almanac it was found that the R A n f nLi u 

« b 27 m 24 . , and that B A of the moon at 01 SS on Ay 6 , 

10 09 a -with an merenso of 21 21 a per 10 m y ^ m 

How much slow nas tho Match on G M T ’ 


rJLfznx zsszsf&sp tho jta * - ■” t = * 

A/nmnac for'july 1 ^ 1032 ° abstractcd from tho tebIes for the sun » “ the Nautical 


(a) Apparent Bight Ascension (at 0 h ) 

(b) Yanation per hour 

(c) Apparent B A at transit 

(d) Equation of timo (at 0 h ) 

(c) Variation per hour 

(/) Sidereal Time (at Oh) 

{</) Transit of First Point of Aries 


it m s 
=06 38 5134 
= 10 348 

=06 40 5611 
= -3 3145 

= -0 492 

= 18 35 1 9S9 
=05 23 46 92 


? 




V. 

% 
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Show by sketches the relative positions of the Mean Sun, Beal Sun, and First 
Point of Aries, and using tho tables for the conversion of Mean Solar Time to 
Sidereal Time intervals and vice versa 

(1) Derive (/) from ( g ) and (g) from (/) 

(2) „ («) „ (rf) (/) 

(3) „ (!>) „ (e) 

(4) „ (c) „ (d) (e) (/) and from (a) (6) 

(5) Calculate Sidereal Time at 6 h and 12 h GMT and GAT 

from (/) (d) ( e ) and (a) (5) (d) and (c) (d), etc 
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Chapter XYIII 

x 

PHOTOGRAPHIC AND AERIAL SURVEYING 

i 

Photographic Surveying or Photogammetry is the art of producing 
plans or maps from photographs 

The method was first applied by a Erench engineer named ; 

Laussedat 1 m 1861, and has been largely used smce that date by the , 

French, Russian, German, and Austrian engineers It has also been * . 

very successfully employed on the Canadian Survey 2 and m the 
United States 

As will be seen later, the prmciple is very similar to that of Plane 1 

Table surveying, with the difference that most of the work, which 
with the latter instrument is executed m the field, is here done m the 
office 

The accuracy attained is perhaps hardly as great as with a plane 
table— though opinions differ upon this point — but, under favourable 
conditions, the cost generally appears to work out at a much lower 
rate, and the field work is not so dependent upon the weather conditions 

High winds affect both systems, as does mist or fog, but with the 
camera advantage may be taken of brief periods of clear weather — 


^4«w aUSSedat ’ Redterches mr « rudruments, Us methods el le dessm topo - 

E Denlle, Photographic Surveying 
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tabg— -to obtain sufficient photographs to plot a considerable area 
riiotogammetry is particularly suitable for topographical or pre- 
brnmary survey work, though it has been largely used for the surveys 
ol buildings, such as, for example, those of ancient Greece The method 

S a Til’ unsmtabl « for well-wooded country, owing to the difficulty 
ot identifying points upon pans of photographs taken from different 

statloas ’ I* ia practically impossible m very flat districts, 

Mrw aS m Fl § i 2 ?, 2, j 1116 P lams are commanded by high ground. 
Mountamous and hilly districts with few trees are usually very satis- 

obtemabk 6 ° f a ^ ale g “ CraUy 

* m “ y 




*■ * - * SA 

'J * 


T 


T\ 


; s?' 


j/* ' ■■*},. 

' Amt 1 < 




»C ■ 


I 


* 




¥ * 


, t I 

/ , 

< i 1 

<- : . 

!. 


* »vk*t 


I >,{ 




■ * vl- 


" f 

j 

• ? 


LC i •» 




■• - " ;y 

^ mC < » * « | 

“ £ Jft »• 1 >1 ., 

’-.I 


s X 
S - 

~ ’ t 

1 ✓ .<* 
jr f** 

'i.v 




l 


i' i » s 



V * 


I 

-’S',1 

si' ‘l 
'•if 

ii * * 


M 

if» 

L 


u 


M 


I * s 
1 J 
r 

i * 


M 

'1' 
l 1 


x l * 

l 


1 1 I « 


f v>v |! 

* s s i hi - 

* ■ -J., i| 




494 SURVEYING 

Bridgcs-Lec instrument (Fig 287), as made by Messrs. Casella, is 
here given 

It consists essentially of a camera box A, which is fitted with a 
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photographic surveying 49j 

oftteseWotottora * 0 ^ b Yaetem a straight 

of the lens Anross the rea stown in the figure, and upon 

tiu^l^erfihefeame isprorted a magnetic needte carrying a cylindrical 

m^grooves m the ^“ZYemoW, £d“y Scnp- 
small celluloid strips Theseinay £ red Sk (See Figs 290 and 291.) 
tion of the view written upon them ^ the bottom corners, 

The back H k of the camera box A is hrng^ an m ^ ^ 

mSthSto® aad the tangent screw are in contort the pte, 
flip needle being simultaneously set free to swmg on its pivo 
Sell is SpM sufficient tune havmg been previously allowed 
for theVeeffieSo come to rest, the photographs of the hair-hnes the 
tangent scale, and the circular scale of the needle are imprinted on the 
negative, and are shown on the finished print as in Pigs i 290 and 291. 

Before replacing the front of the dark slide, the frame I _ must 
be moved forward? le withdrawn from contact with the plate, by 
means of the screws J; the needle is at the same tune raised from 

The instrument is, in other details, very similar to a theodolite, 

being supported on a tnpod, and furnished with 

(1) An inner and an outer axis, each of which is fitted with a clamp 

and fine adjustment screw. 

(2) Parallel plates with three levelling screws, and 

(3) A scale plate and verniers reading to smgle minutes 

Upon the top of the camera box is a small telescope E fitted with 
a vertical arc (F), a vermer, and a clamp (S), and tangent screw adjust- 
ment * 

There is also one, or often two long sensitive bubbles (G) for 
levelling purposes. 

The Principle of this method may be seen from the following brief 
description 

Let 0 (Pig 288) be the optical centre of the camera lens, and h' 
the intersection of the cross-haus, so that I/O may be termed the 
line of collimation of the camera Then if A be any distant object 
which is within the field of view of the camera, rays from A will focus 
at a pomt a' on the plate c'd'e'f, where, consequently, an inverted 
image of A will be formed Also, as has been shown in Chapter II , 
AO a' will be in one straight lme 

Let oq' be the foot of the perpendicular from a/ on to the horizontal 
hair-line, and let A t be the pomt vertically below A m the horizontal 
plane which contains the hair-line and the lme of collimation Also 
let K. be the foot of the perpendicular from A on to the lme of collima- 
tion */OK. 
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It is now evident tiiat the triangles Oh' a!, 0 I/a/, Oa'a/ are 
similar to the triangles OKA, OKA], and OAAj respectively. 

JIcncc if the negative edef, shown by full lines m Fig 288 — or a 
positive print from the negative — is placed m a vertical erect position 
at a distance Oh y equal to 07/ m front oi the point 0, and at right 
angles to the line of colhmation, 7/OK, then the pomt a corresponding 
< o a ' will fall upon the ray OA, and the point a } corresponding to will 
fall on the ray 0A X . 

Now if the position of the instrument station P is represented by 
the point p on the paper, the direction of the line of colhmation -pi 
may be draw n ; because, if the cylindrical scale M (Fig 287) carried 
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by the magnetic needle has been allowed to ™ne 

jj- yr * W* £ - — - - “ ' 

i.c equal to the focal length/ of tli taken to represent 
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PHOTOGRAPHIC SURVEYING 497 

If a second view is taken to include the point A from a second 
station Q, a similar line can be drawn from q, and the intersection of 
the two direction lines will locate A upon the plan. 

If the horizontal distance D from A to P is now scaled from the 
plan, the altitude of A relatively to P may be calculated. 

Thus if the horizontal angle AjOK (Fig 288) = 6, and if the vertical 
distance of a above or below the horizontal hair-lme on the picture 




^a b „t ra ou“„AOA^ Btt ° £ ^ ,e " 5 


* tnn-OL = tan- 1 — V .. , 

/. see 9 

= tan _1 J cos 0, 

and the elevation of A relatively to P is 

D.J.cosd. 


• ( 1 ) 


• ( 2 ) 


0 may be calculated if the horizontal distance la x is measured, i e. 


0 = tan~ l i?V 
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or it may be obtained directly from the scale at the top of the print or 
negative, this being divided proportionally to the tangents of the 
angles and graduated m degrees and fractions 

If the prints are enlarged,/ must be enlarged m the same ratio m 
the above formulae 

Method of Procedure. — The first operation in a photographic 
survey, as in other methods, is a careful reconnaissance of the area 
to be mapped, for the purpose of choosmg the most suitable instru- 
ment stations. These must be so situated (1) that all objects 
which are to be represented on the final plan shall be clearly dis- 
tinguishable on at least two photographs taken from different points, 
and (2) that the two direction lines which locate any particular point 
shall intersect at an angle which is neither too acute nor too obtuse 
fs66 below). 

If a sketch plan is made, and the area roughly shaded which is 
likely to be covered by satisfactory intersections from each pair ol 
stations, there is less likelihood of any portion being insufficiently 
surveyed than when the photographs are taken m a more haphazard 

fashion ^ desirable that important points should be included upon 
three photographs from different stations, so that the third direction 
line shall check the intersection of the first two In fact, it is always 
preferable to take too many rather than too ^w views 
1 The various camera stations must be connected by a triangulatio 
svstem This may be executed by the usual methods, using an 

Iation stations also, but the triangulation stations are not necessarily 

all camera stations Iareelv influenced by the 

\ tTip choice of camera stations is tnus largely ^ ' 

nature of the .triangulate® vtoch ^^^“^pdation, the 
Ji WSWRS toaoh* at the eame tune 

that the photographs are temgtake^ par t icu lar station varies 

The number of plates to be exp *} the area to be mapped, 

with the special conditions of thee > P Th t 0 f exposure is 

and upon the field of view of the camera ^ xnc w u 

best calculated with an s top should be used Ortho- 

^«"^&recn are preferab.e for landscape 

wqt V i 

come to rest, and so * ne,ect 
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magnetic bearing altogether If desired, however, readings may be 
taken as a check at a few stations 

If the views are taken at 36° intervals (t e 10 to a complete circuit 
at a station), the photographs will overlap slightly, and enable the 
pictures to be picked out very readily , though the negatives are 
easily identified if a description is written m red ink on the celluloid 
strips at the lower comer of the frame I (Fig 287). E g Q - 72° R of 
P would indicate that the photograph was taken from station Qma 
direction making an angle of 72° to the right of the line joining Q to 
another station P 

(6) A photograph may be taken in any direction to include the 
objects required, without reference to any other station, when the 
magnetic bearmg of the line of collimation may be read on the curved 
scale at the top of the photograph 

If the bearmg of any particular pomt shown on the picture, is 
required, it may be obtained by measuring the horizontal distance of 
the object from the vertical hair-lme on the tangent scale Thus in 
Fig 290 the bearmg of A is 96° on the curved scale + 6°-50' on 
the tangent scale, making a complete bearmg of 102°-50'. 

Plotting the Survey — The plates having been developed by a 
competent photographer, the survey may be plotted from the normal 
prints — usually 5" x 4" — made upon a glossy paper, employing a 
magnifying glass to pick out corresponding points on pairs of 
prmts 

It is preferable, however, to enlarge the photographs to two or 
three times the original size, or sometimes even more 

A pair of prmts covering the same area are then picked out, 
and corresponding points on each dotted and numbered m coloured 
ink 

One method of plotting may be illustrated in Fig 289 by reference 
to the photographs m Figs 290 and 291, which are from a photographic 
survey executed by the students of the University of Birmingham, 
under Professor S M Dixon 

Fig 292 is reduced from a portion of the finished plan which was 
plotted to a scale of 300 ft to 1 m 

Two pomts only are taken here (I) the pier of the bridge, marked 
a, and (2) the pomt marked 6 on the bills above the town 

The positions of the camera stations P and Q were found by triang u- 
lation, and the view m Fig. 291 from Q was 72° to the right of P, while 
the view m Fig. 290 from P was 216° from another station R 

The magnetic bearmgs are also given on the curved scales at the 
top of the prints A lme pk, 5 66 m m length, equal to the focal 
length of the lens is drawn m the correct direction from p, and a 
similar lme qk' from q. At right angles to these are drawn the 
picture planes cd and c'd'. The horizontal distance of the pomt a 
from the vertical hair-line of the first photograph is marked ofi (jfcoj) 
along cd to the right of k The lme pcij then gives the direction of 
a from p. 

Similarly, the horizontal distance of a from the vertical lme in the 
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PHOTOGRAPHIC SURVEYING 501 

second photograph is set off kfaj' along the line cd , so that the line qa x 

gives the direction of a from q , 

The mtersection at A of the two lines pa-i and qa^ locates the 
representation of the pier A upon the plan 

Similarly, the intersection of y&i and qb ± locates 33, the representa- 
tion of the pomt B on the plan 

Bor a moderately small survey the points may be transferred from 
the photograph to the picture plane cd or c'd' by means of an ordinary 
plotting scale, or a pair of dividers, or by marlring off the distances 
along the edge of a piece of paper 

Bor a large plan, especially if the prints have been considerably 
enlarged so that the length pk is 18 to 36 in , say , a convenient 
method is to take a long strip of paper and mark on this a transverse 
line to represent the central vertical hair-line ; then to place this over 
the p rint so that the transverse line coincides with the vertical line, 
and to mark off the various dotted numbered points on the edge of 
the paper, each pomt being carefully numbered The paper is then 
transferred to the plan so that the transverse line is along pk, while 
the edge of the paper lies along the trace cd A long black thread, 
connected by a piece of thin elastic to a paper weight, is then attached 
to a pm placed upnght m the plan at p Tins thread is then 
stretched taut over a point — 22, say — on the trace cd, while a similar 
thread attached to a pm at q is stretched over the corresponding pomt, 
22, on the trace c'd'. 

The mtersection of the two threads then locates the point 22 on the 
plan, and this can be lightly marked as it is unnecessary to draw long 
pencil rays 

Professor Dixon 1 says “ The most expeditious method of trans- 
ferring the horizontal distances from the prints to the picture lines 
is first of all to prick through the points desired, and then to cover 
the prmts with the thinnest and most transparent tracing paper 
obtamable, on which are ruled hair-lines to correspond with the vertical 
hnes through the centre of each picture The points that have been 
marked on the prmts are pricked and numbered on the tracmg paper, 
which is then transferred to the drawing board for the survey to 
be plotted By keepmg the vertical hair-fine on the tracmg paper 
coincident with the fine of direction of the picture under consideration, 
the points are easily marked along the picture fine With care 
this method will be found to be generally as accurate as is required 
by the scale of the map bemg plotted ” 

Levels — The altitude of some or all of the camera stations may be 
determined by direct or trigonometrical levelling, as was done m the 
survey shown m Fig 292, especially if the photographic work is for 
the purpose of filling m the topographical detail of a large scheme, 
or it may be approximately deduced if the reduced level of some 
pomt (e q the railway fine on the bridge m Figs. 290 and 291) shown 
m one of the photographs is known. 

To illustrate this, suppose the water-level at the pier A at the 
1 Proc. Inst C E , “Surveying with a Camera,” voL ch-SKiv 
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instant that tlie photograph was taken is considered to be datum 
level. The distance from P to A is scaled from the plan as 2475 ft , 
and the distance of the water surface at A below the horizontal hair- 
line of the first photograph is 05 in , while the horizontal distance 
from the vertical hair-lme is 65 m 

By the formula deduced above, the reduced level of the camera axis 

y 


at P is D . 


f sec O' 


2475 x 


i e. 


05 


V(5 G6) 2 + ( G5) 2 


OF) 

= 2475 x = 22 ft nearly 


of q 


Similarly, if the water-level is unchanged m the interval, the altitude 


« 21 10 x = 24 ft nearly 


The altitude of the point B calculated from p is therefore 

22 + 1875 x =41; = 174 ft above datum, 

5 80 

while from station q the altitude is 

24 + 2240 x = 190 ft above datum 
O 9o 

The average value is therefore 1 82 ft above datum, and the 
variation of either value from the mean about 8 feet This dis- 
crepancy is rather excessive, but the error includes errors m plotfang 
the two stations, and m scaling four distances from the pnnfe 

291. tehrng the rail level on the tad*. » a number o£ 

Contours may be “S lfmay be notd that all pomts on the 
pomts are found m this way horizontal hair-line he on a contour 

first photograph intersected by h on the second 

l„^m^aty“ -Ine he on’a contour of appro*- 
mately 24 ft aititude stations fix other contours, and hence 

jsi&szszs:* r™ " 

fours can be easily interpolated 
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- J% De ¥?““S F ° Cal Length of the Lens— Usually the value 
of the f mstnment^ 1S SCCUratel [y detemmied and stated by the makers 

If not, the value 
may be deduced 
experimentally as 
follows 

(1) The angle 
AOB(Fig 293) sub- 
tended at the in- 
strument 0 by two 

distant objects A and B is accurately measured on the graduated 
homontai kmb of the theodolite A plate is exposed to show A and 
B, and the distances a L and b'k' are scaled ofE the negative 

Now ^ AOB = a' Ob' = a'OJc' + b'Ok', 



Fro 293 


and 


and 


a'Ok' — tan -1 
b'OL' = tan -1 

/ 

/. AOB = tan" 1 ^ + tan- 1 ¥K 

f r 


^AOB ;tL: £ o4To^ r S e e o/tatenCfo" *“ ^ ° f ten 

tan y. AOB = j(l - a '^' 

ae ( lL A ces n il SK Xf st T* b Tu tte 0. «a 

/=g.KO. 

designed by the Sm'v^Xfeneraf Dr ^ TvS? Canad l a ? e 'J <u Pment 
than that usually employed m Euronp T-h n V1 ^ e ’J s mucdl elaborate 
fixed-focus box camera pro^id^th ° ' ° fl 

transit theodohte reading 5 to minutes ^ The ^ a 3 ‘ ln 

between the two instruments Thp -nTinfo iF i 13 ^ferehangeable 
and bromide enlarge^ abou^/x * f 6 6 * * *?> 

m tsst— 

Mr rmgei “ fe y m i d : p m " 

■ -pt„, wta Meltad , emp%edl)y tle Caaadmn Plolagra]?ii]o by 
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The area surveyed was 1113 square miles, and the map which was 
contoured at 100 ft vertical intervals was produced to a scale of 
1/60,000. The field work occupied seven months, the party numbering 
six One hundred and twenty camera stations were occupied, and 
765 plates exposed. The distance between stations varied from 1 to 
10 miles, being generally about 6 miles. The office work occupied 
14 j months, three men bemg engaged upon it. The cost was deduced 
as follows * 

Cost of field work . . . 5,073 74 dollars. 

Cost of office work . . • 4,395 60 

Cost of material . . * 120 00 

Total . . • 9,589 34 


Cost per square mile 
Cost per aero 


8 61 dollars. 
1 34 cents 


In the Survey of the Crownest Forest Reserve m Alberta, 1 made 
by M P Bridfdand m 1913-14, and covering an area of 1500 square 
miles, the cost worked out at $9 50 per square mile 

Errors m Photogammetry — The following are a few of the chief 
sources of error in photographic surveying, apart from those due to 
m the tr.a£golat>on, these errors hovmg been previously 

1 the observation of ongl* 

measured on the horizontal scale of the instrument, those 
directions are liable to such errors as are mentioned (with 
reference to the theodolite) m Chapter l\ 

(b) These directions are subject to an additional constant err 
w T] L e of colhmation of the camera (te the line 

when the hne or com cross _ halrs to the optical 

lX g of*e S doL Vot he m the same vertical plane 
Tae te of Nation of the telescope by means of 
which the bearings are token , M d on the 

(o) When the directions are tag** » 8. be Tc „ 

r^ffiK^eofthe— 

The p e may be, say, ± instr um ent is not accu- 

2 Errors may be introduced ^® ment oi the bubbles This 

rately leveWoptonghhok ^ ^ theodolite, 

lnd°: & IXontheptae tohto ^^^usnot 

3 Errors in level, if the one - 77 — T 


3 Errors m level, u we — 

_____ — Btcss ’ 

A 0 Wheetor. a paper rea L p Bndg iand, The Geographical 

bylL „ KIhMM ,* 
.1 Error in rhologoiplai Sampias, 

iCE.y ol OCX p 327 
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exactly horizontal when the vortical nxU of the instrument is truly 
vertical, and when the bubble is in the centre of if* ran Thi* error 
may c«im 1} be of considerable magnitude, as it is difficult to te=t the 
accuracy of this adjustment, except by finding the altitude of a pom* 
at a known distance from the instrument by an examination of the 
pilot ographs, and then comparing the result* with thO'C obtained by 
independent means with a theodolite or level. The telescope on top 
of the instrument may he U'-ed for this purpose if desired 

It will be seen from the example gtven above that a very small 
error m the position of the horizontal hair-line, due to c ag, for instance, 
will produce a considerable error m altitude and m the po-ition of 
contour lines Consequently, the hair-lmes should be examined 
occasionally to Fee that they ere quite taut 

4 Errors caused by the displacement of the image on the photo- 
graph from its true position on account of — 

(1) Distortion by the camera or enlargement lens. 

(2) Distortion due to the plate not being truly vertical in tlm 

camera 


(3) Shrinkage or warping of the print during the development, 
or toning, fixing, washing, and drying processes. 

5 Errors m measuring the distances from the cross-hairs to the 
various points on the prints. 

G. Errors in transferring the measured distances to the picture 
trace on the drawing paper. 

<. Errors m connecting— -and producing, when necessary — the 
direction ray between the station point and the marked point on the 
picture trace to locate a point on the drawing. 

8. Errors due to the difficultv of identifying exactlv points on 
pairs of prints For instance, a hedge or a road raav be seen quite 
clearly on two photographs, and yet furnish no very distinct points 
that may be identified on two different views 

oi vanoUS kind<! m readin S scales and transferrins 
distances, confusion of points, etc ~ 

mo^ C «? 1Spl f e n Cnfc 1 °P the P Ian of a P° 5nfc A, which is located by 
means of angles 0 and <f> at p and q respectively, as m Fig 294 when 

ese angles are subject to probable errors of ±S9 and —B6 respect- 
ively, may be considered as follows : ~ 9 peCC 

nll /? c °-° rdina f t ^ of A be X and Y with reference to p as origin 
and pq as the axis of X, and let pq = D. ° 


Then 


and 


and 


^=tan 6 , 

_ y = tan <f>, 

X = D tan 4> 
tan 0 + tan 
y _ D tan 6 tan 4 > 
tan d + tan 


(3) 

(4) 
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>" a further drielopment of the art of 
™!T»C m\ me Two views of the same district arc taken, 
U , ft of » measured base, and the negates are examined 
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* a 

B to 6, and e, respectively, the angle Aefi - AjB - 
faiOTn as the parallax of the objects With ‘he naked *» 

Se ralnes of p as smaU as 30' can be distaffi^hed 
In the stereocomparatoi the distance i is mvdtiphe y 
means of minors, and owing to this and to the magni- 
fication of the image parallactic angles of less than 2 
second can be distinguished and measured 

From the co-ordinates of a point on the pictures and 
these can be measured very accurately with the mstru- 
ment — and from the value of the parallactic angle very 

precise results can be ob tamed 

As the two negatives are seen together stereoscopically, 
pomts are more easily identified than by the usual methods, and the 
field work also is much reduced 

The method has been largely used by the engineers of Russia, 
Germany and Austria for preliminary railway and other surveys, and 
it is claimed that the results are quite as accurate as those of a good 
stadia survey. With a photo-theodohte having a focal length of 
241 5 mm , nsmg a base-line 50 m long, pomts at a distance of 1000 m 
were found to be uncertain wit hin 0 8 metre And at average distances 
of 200 m to 400 m with base-lines of 25 m to 50 m , the accuracy has 
been found to be within 0 2 or 0 3 metre for distances, and 0 07 to 



Fig 295 


0 12 metre for elevations 

A further improvement known as the stereoautograph, used in 
conjunction with the stereocomparator, enables the plan to be plotted 
mechanically with contours complete, and effects a great saving m tune 
and labour 

For a further account of these instruments the reader is referred to 
an article by Mr Otto Lemberger on Stereophotographic Surveying, 
in the Engineering News, vol bnx No 13 


Aerial Survey 

As described in the preceding pages, photographic methods of 
surveying have been employed for many years in Canada and other 
places, the necessary views being taken from camera stations on the 
ground. Photographic surveys of this nature have many limitations 
and they are only suitable for special types of country, but it has been 
thought for some time that, could a method be perfected to make 
use of photographs taken from the air, such a method would have 
wider possibilities The difficulties are much greater than was at 
first suspected, and the very optimistic views held by its earlier 
adherents are hardly likely to be re alis ed 

During the war, from the end of 1914 onwards, considerable use 
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was made of aeroplane photographs for the revision of the detail on 
the existing maps of France and Flanders Later m Palestine, more 
ambitious attempts at mapping were made, without the elaborate 
“ ground control " which existed m France 

The experience thus gamed during the war has been very useful 
It has cleared away many false impressions; it has indicated the 
nature of the difficulties that are to be overcome, and has suggested 
probable hues of development, and to some extent it has shown 
the limitations of aerial survey methods 

Since the war, the Government has appointed an Air burvey 
Committee ” winch is thoroughly investigating the problems connected 
with aerial photography, and research is being initiated to deal witn 
various types of apparatus and with methods of utilising the photo- 
graphs for niap-uminng purposes. The » Fust Beport” > was issued 
m 1923, and should lie consulted by those who are interested in 
subject The following notes are largely taken from this, and the 

other sources of information quoted below , 

There arc two mam methods of procedure-thc one emploji g 
« vertical ” photographs, ? e photographs taken with the -axu ! of 
camera ijomtin* vertically downwards, or nearly so— and the other 
employing “olliquc” pbLgrepbs, the js 
inclined at an appreciable angle to the vertical ,,, d 

modifications of these methods which utilise both vertical 

“ oblique ” photographs of the same area vertacal photo- 

Vertical Photography.-Under ^plan of that 

graph of an expanse of level gro length of the camera 

ground to a scale which depends up a gefc 0 f g^fi photographs 

lens and upon the height of the ca extended 

fitted together to form a mosaic to pre p ar e a 

areas. It first sight 

plan in this way, but actually taken to cover the whole area, 
P Sufficient photographs ^t be tek over Iap must 

without leaving any gaps, and us 7 of st nps, each com- 
be allowed to ensure this A inosme i ^ as nearly as 

prising a series of exTOSUxes T ^ specified direction, and to 

possible, to fly m a. positions , to keep at a constant 

mss over one or more specified gro P , r an d a ft or laterally 
Stand to avoid tilt of themachmee^r torea whether he is 
S is extremely difficult to do. In pjot rebes upon 

51 

EKi “** “ 

is obongmg, the . misleading. , r jj^t a gap 

pdot’s own laterally, there is a danger tna 

1 If the aeroplane is tute __ , , no , , w m stationery Office) 


Beport 


eroplane is tilted W ). Stationery Office) 

of the Arr suruy Committee, ISO 1, 1923 «* 
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will be left unphotographed between adjacent strips, whereas if tiie 
inclination of the aeroplane fore and aft changes during the flight, 
there is a danger of gaps being left between the photographs which 
form a strip. If such gaps are left they are difficult to fill at another 
time, necessitating, at any rate, the expense of another flight or the 
obt ainin g of the missing detail on the ground „ 

A further phenomenon which may cause gaps is the drift 
of the aeroplane Thus a plane may be keeping a straight course, 
but owing to the action of a side wind the longitudinal axis of the 
machine may be inclined to the direction of flight Under such 
circ ums tances, unless the camera is turned on its axis to allow for 

this, the photographs will not form a continuous strip as 1 1 , 

but they will be m echelon as and so fl a P s ma 7 be caused. 

The course followed by the pilot, again, must not only be straight, 
but it must be parallel to the previous courses, or the photographic 
strips of the mosaic may diverge and unphotographed gaps may occur 
An automatic gyro-rudder control, the purpose of winch is to enable 
the pilot to keep a straight course in a definite direction without 
engrossing his attention, has been tried, and the results are found to 
be very successful 

Tilt of the camera in any direction— in addition to the likelihood 
of leaving gaps in the mosaic — distorts the photographs, and there 
is then a difficulty in fitting them together. Mechanical methods of 
stretching the photographs upon elastic bands have been successfully 
used to fit together slightly distorted strips of a mosaic 1 

Attempts have been made to control the inclination of the camera 
by gyroscopic means, in order to eliminate tilt, but up to the present 
all such attempts have proved impracticable 

The amount of tilt of the camera at the instant of exposure can 
be calculated mathematically if there is sufficient ground control, 
or a tilt-finder, such as that designed by Major M 2ST MacLeod, may 
be employed A device for recording tilt, which promises success, 
consists of a gyroscopically controlled fight, the image of which defines 
the “ plumb-point ” upon the plate at the instant of exposure The 
* plumb-pomt 55 is the pomt at which a true vertical fine to earth 
through the front nodal point of the camera lens cuts the plane of 
the photograph. 

If the distortion due to tilt is appreciable, the photographs need 
to be “ rectified,” i e the projection upon the tilted plane of the 
photograph must be converted to one upon the true horizontal plane 
Thus, if the plan or map of a level piece of ground is covered with a 
rectangular network of fines, or a “ grid,” the corresponding fines 
upon a tilted photograph will still be straight although they will no 
longer be parallel but convergent. If the giound is not level, then 
the grid on the tilted photograph no longer consists of straight Imes ; 
the majority will be sinuous Unless the difference in level of the 
ground is appreciable, compared with the height of the aeroplane, 

1 -flena? Surveying by Rapid Methods, by B Melvill Jones and Major J. C Griffiths 
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tlic sides of the network on the photograph can be assumed straight, 
and detail can be transferred from the photograph to the map, exactly 
ns in reducing or enlarging a map by the method of squares (p. 24) 
No satisfactory method has been devised for accurately rectifying 
photographs when differences of elevation are considerable 

The “ camera lucida ” was used largely during the war for rectify- 
ing photographs optically, but the Air Survey Committee do not 
recommend this method, and consider that photographic methods 
employing a “ Rectifying Camera ” promise more success 

The Aerial Survey method which employs vertical photographs 
is the most suitable method for reasonably flat districts, where contours 
are not required. A good example of such a survey 1 is that of the 
Forests of the Irrawaddy Delta Here a ground control was provided 
consisting partly of a cham of triangulation along the mam rivers, 
and partly of theodobte traverses The average height of the camera 
was 9400 ft , and the final scale of the map 3" to 1 mile The cost 
was 60 per cent of an estimated ground survey, and it was considerably 
quicker, but these figures are not necessarily applicable to other 
conditions Useful information was given by the photographs con- 
cerning the distribution of different types of forest — but difficulty 
was found occasionally in interpreting the data The Report contams 
much useful practical information 

Oblique Photographs. — For the survey of ground where differences 
of elevation are considerable, or where it is desired to obtain a con- 
toured plan, oblique photographs are of more value for the purpose 
than vertical photographs The labour of plotting is, however, con- 
siderably greater with obliques It is necessary to determine for 
each photograph the air-position, i c the three co-ordinates of the 
camera at the instant of exposure These data can be found mathe- 
matically or by other methods, provided that at least three previous y 
determined points are shown on each plate, and that the principa 
distance ” of the lens is known The orientation of the camera, t e 
the amount and the direction of tilt, can also be deduced It is : then 
possible to plot on the map any points that appear on at least two 
photographs These points are located by the mtersection of duection 
lines, drawn from those points on the map vertically b elow the camera 
positions. No displacement from the correct position on the gan 
then results owing to objects being at different elevations The t 

and the actual elevation can be computed and 


location is obtained, and the actual 
utilised for the interpolation of contours 


1919 is an example of 
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to take a continuous strip of overlapping photographs, and to record 
upon each the reading of the altimeter, the date and time of exposure, 
and by means of the gyrostatically controlled light, the angle and 
direction of tilt of the optical axis. A multiple lens camera is 
bemg designed by the Air Survey Committee, with five lenses ; at 
each exposure five photographs are obtamed — one vertical and four 
oblique These views enable the camera position to be more easily 
determined by resection from points on the photographs, and they 
also enable other points to be fixed on the ground m the country m 
advance of the vertical photograph, ready for use m resection for 
later positions Camera mountings have been improved to elimina te 
vibration and so render the photographs more sharp. The Photo- 
goniometer enables the horizontal and vertical angles subtended by 
objects appearing on an inclined photograph, to be read off directly 
without the necessity for calculations based upon linear dimensions 
on the plate The Autocartograph consists of a stereoscopic binocular 
S 0pe , a pointer m each eye-piece The mechanism 

detail to be plotted very quickly— the pointers merely bemg 

bemf mannpl 8 7 ? Comcide mth the particular detail 

for 

Sm^ i0r Mer de i“ lb *° tte Ee port o{ Air 

by Cof H St J Wmteboftam” ° n Stereosoo P 10 PI °«“e Ahcbmes 

is still m its lnfSoy 0m TWo^^ 01nS a j 000 ?* that Acnal Surveying 
particularly m connection wi ^ d ® velo P me nts to be expected, 
pbotographs mmeokm meolameal means of plottmg from the 

exceed that? oi gromd hurrays No’TxTrt the c ? st ma 5 r often 
at present, owing to lack nf ac ^ ru les can be laid down 

and improved afparatu^are^SaUV^ 10 ^ 11 ? a ? new me ^ods 
expected that costs wffibe cut dn™ Uy 5 em ?, evoIved - It is to be 
n flat, swampyXc^Afe TJ?T m the 
photographs provide a mSis of 01 f ° r f ° rest Ieglons > vertical 
lTOuId otherwise be very difficult tn Ppmg areas economically that 
obhque photographs are esSal T f entlrel y on the ground , 
from the air, to he determmed 

H*** t00 ' some SehamralTSd l nf 1S i « r pIanimctc 7- To be 
Whether verhoal or obhque nhotno™? d of P'ottmg must be adopted 

K d ° 0 ?e tr01 ,s nece ssary— th^amounT W ore or less elaborate 

T&Srjl nS end “« “ P °“ *• — 

developed country much mTghffe fone '" 1 m !! ppm g o£ «n m- 
1 “ Stereoscopic Piottmir ar i ln ms tance by 
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“ navigational control ” — tlie position of the aeroplane being deduced 
fiom observations of time and speed when flying upon a known bear- 
ing. A very few control pomts, possibly located astronomically, 
would add accuracy Later, when the country had been developed, 
and the necessity for more accurate maps arose, further ground control 
could be supplied, and the photographs reused to fill in detail, and 
possibly contours 

A short bibkography is given in the “ First Report of the Air 
Survey Committee ” The following works may be mentioned m 
addition to those already quoted above 


“Mapping from Air Photographs,” M N MacLeod, Geographical Journal, 

“ Tho°Autocartograpli,” M N MacLeod, Geographical Journal, vo] hx 
" Tho Stcrcoautograph,” A R Hints, Geographical Journal, vol liv 

Generalised Linear Perspective, J W Gordon fPrrmri nf the 

“ Plotting from Oblique Aeroplane Photographs, E Delville (Report oj the 

Canadian Air Board) 

« Photognmmctry 0 v Gruber, translated by G T McCaw 
Professional Papers Nos 1-7 Air Survey Committee 





PIVOTAL ERROR IN THEODOLITES 


In tlie description of the ad]ustment of the horizontal transverse axis 
of a theodolite on pp. 87-89, it is tacitly assumed that there is no pivotal 
error m the instrument. Pivotal error is usually small, hut it is almost 
impossible to prevent its occurrence, and, owing to wear of the pivots 
and their supports, it may, in many cases, become quite appreciable 

The following investigation illustrates the nature of this error, and 
explains how its presence may be detected Usually the two pivots — 
one at each end of the transverse axis — rest in V supports at the top of 
the A frames Let it be assumed that the diameters of the pivots are 
D and d , that the angles of the V supports are 2<£ A and 2<f > B , that the 
angles of the V terminals of the striding bubble legs are 2 0 X and 20 2 , 
and that the lengths of the legs above the V terminals are lu and h 2 
respectively 

Firstly, let the larger pivot D be supported in the frame A. Then, 
when the striding bubble itself has been adjusted, and the usual opera- 
tions have been carried out as described in the text, we have 


and rti + ij cosec tfi=A 2 +-2 cosec 0 2 — $, . . . (2) 

Sdfc i„™! renoe m leTd 0j two pivdt oentrcs - tkit o£ D 


cosec #i = + § cosec 0 2 + cc . 
d D 

fti + 2 cosec 7 j 2 +w cosec 0 2 -x, . 


( 1 ) 


Jrom (1) and (2) ( ooseo 0 1+coseo (y. 
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an the inclination of the transverse axis is tan~*£=a (say), where 

the horizontal distance between the two standing bubble legs 
is (ml v bubble apparently indicates that the transverse axis 

actualb- ho 5 ^ nta ’ a ^ P er P en( b cular to the vertical axis, and this would 
that , tbe . re no P\ vota 3 etror m the instrument. The fact 

can onlv n0t horizontal, but inclined at a, is not indicated, and it 

with pwot D m thTsupport B. ^ ” Tcpeatcd ^ chan S ed P lvots > 1 e 

amctfrfSv 50 ’ ^th pivot D in the support A, the line joining the 
apices of the Vs is inclined to the axis of the pivots at an angle 
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D cosco </> A -d cosec $a 
y^tan- 1 2L » 


i e at a + y 1 to the horizontal 

On changing pivots, as the supports are not moved, this line remains 
unaltered, but the inclination of the transverse axis to this line joining 

the apices is now , , 

D cosec cosec </> A 

y 2 =tan 1 2L ” 

The inclination of the transverse axis to the horizontal is therefore 

a +7i+V2» 

the vertical axis remaining truly vertical inclined to the 

If the striding bubble is now applied, its axis will be inc 

horizontal at an angle of 

2a+y 1 +y 2 , 

and this inclination will he indicated by tie divergence of the bubble 

" rrKlf the Striding Bubble Tost is apnM to ^an ..la- 
ment laving a pivotal error-and only one position o' 

-there still -XT" 8 ' 1 “f? 1 , fo^'everse position of the pmrts Those 
and an error of (« + yi + y 2 ) 10 J J , q„rvpvor The Striding Bubble 
errors cannot both be eliminated by y { ^ transverse 

Test does not oven enable him *» f „ 0 Xnwbcn pivots D is » 

ssr ¥&*£££&+*"?•* m b " bbl0 ,s 

by means of the horizontal auis capstan screws, an error of * 2 

still remains whether pivot D 18 “ 8 3S°tf rarmng out this adjustment 
Wh“S»°Zt.SSSent ,s truly vertical, lot the mCm, 

^“'‘'^"horzonta 1, downward, towards the right, . <«> 

the larger pivot D being on the support Atotij® rig 1 1 d downwards 

The line joining the apices o horizontal as before, 

towards the right at an angle of a 4- y,t 


where 


D c oscc </> A cosec <j>a 
y 1= =tan _1 - ’ 2L 


VVUCio • - . j 

On changing pivots and also changing the position of the supports, 
mchnationof^ the “" ownw „ ds towards the left, . • » 

D cosec </>n — d coscc <l>\ 

from E R to l to the left 
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when pivot D is m support A, and A is to the left, and 

“l+yi+ra to the right . . . . (d) 

when pivot D is in support B, and A is to the right 

Thus if in each case the telescope is directed towards the tip of the 
spire, and depressed as described on p. 88, the traces on the vertical 
plane will be four straight lines if there is no colhmation error m the instru- 
ment, or four hyperbolas if the line of colhmation is out of adjustment 
horizontally 

Let 8 be the displacement of the points at the foot of the tower, due 
to an assumed colhmation error 

The displacements of the points marked at the base of the tower 
will be 

/? » 5 f 811 f 1 - ® to tbe 0? R > telescope normal, D in A), 

/! 5 ? n K+yi+y 2 ) + s to the right (F R , telescope normal, D in B) 
c H ten a ±8 to the right (F L , telescope inverted, D m A), h 

(dj H tan K+'^+yj) x 8 to the left (F L , telescope inverted, D m B) 

where H is the height to the tip of the spire 

the Wo P osltl °ns (a) and (c) should coincide with the 
below°the spire^p^^ ^ aU<1 and tlus positlon should be vertically 

as thefa^of lrfr atl0n traVerSe ^ 0VL ^ tks P° mt a s well 

transverse axis and of the ad]ustment both of the 

Pivo ta ltS e “: nb r f “5o e *ftw e assM T“ - that no 

error « x can be eliminated bv ^ assmn P tl0n is true, then the 

<m t*P hhe spire and the raea opositicm of*(o) and^jTse^km^ 

the spire— iTi3 P i£;pkced f in amouS sLh°t “,“ e f anl y helow the tip ot 
adjustment of the transverse aSs ^ * thlS fact docs not affect the 

m. inth thetelescope^now K *“ J"“ on (a) and 

hot at a distance 28 ftom the ’ W ° ? omte < c and (d) shonld comcide 
pivotal error, the W,“d (l) If the” s a 
«tad of 28, and therii sbuTLas <*+*> 

*2*- This error is nndetected unless it has n ^ “ ° f 

that 8-0, when the displacement is H tan (vTT^ MllaSOertomea 
B ™ gHy PtPPotfaonal to the residual error of Ui* “ ^ 

estimate a Jts e ™oSr°TjJi e 00t , rccte l by the sLreyor ' bT 

° 9 ^ ■ 'oheei Sfeed, «h 
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above. If any error is found — assuming that adjusting screws are pro- 
vided — complete the adjustment of the transverse axis. There is now 
no error in the transverse axis provided that pivot D is in the support A 

(3) Repeat the spire test, but with pivot D in support B If any 
error is found now, it is duo to “ pivotal error.” Its magnitude can he 
estimated as explained above. 

(4) There arc now two alternatives Either (a) the error ft+y 2 can 
be distributed so that there always remains an error m the transverse 

axis of ± whether pivot D is in support A or m support B ; 

or ( b ) the whole error of (ft + y 2 ) can be allowed to remain m the trans- 
•v erso axis when pivot D is in support B, in which case there will be no 
error when pivot D is in support A. 

In the former case any single observation with the instrument is liable 
to error In the latter case only observations taken with pivot D m 
support B arc liable to error from this cause In either case a pair of 
F.R. and F L observations taken without changing pivot would eliminate 
the error, but m neither case would the mean of a pair of I 1 It and F L 
observations be free from error if pivots were changed between the observa- 
tions It is probably preferable then to adopt the latter alternative, 
as it is a small matter to mark the instrument and arrange that, m normal 
use, the pivot D shall be held upon the support A 

There appears to be no special advantage resulting from a change ot 
pivots-but if at any time it is desired to repeat a set of .observations 
under altered conditions, there is, of course no objection to the pivots 
being changed, for, provided complete sets of F R and F L observati M 
are taken, the mean values should agree with corresponding values obtained 

with the pivots in their normal supports . 

In a good instrument, pivotal error should be small, ^ “ay 

from the following values, so that for .* 

asnsss mss isssa - - 

aud flat L-4 inches, then ri=-V!=^^ S=11 Eecon<is ° f 010 B 

adjustment is so earned out that the residual error is <*” > 

J , , . nf n non mc h of the mark at the foot ot a 

corresponds to a displacement of horizontal angles due to 

as? AS* MSWfti does not — . 

few seconds of arc , , , _ cann ot be vertical simul 

Obviously if the error exists, * +i. e sensitive bubbles to 

Sfm til instrument is tamed M 

for rotation about one axis, wo 
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when rotation is effected about the other axis will indicate the extent 

of the error. , , 

Similarly the horizontal transverse axis of the telescope cannot be 
fixed so as always to be at right angles to both axes, unless these are 
coincident or parallel If the adjustment is completed for one relative 
position of the vernier and scale plates, the adjustment will not be correct 
for other positions This may be tested, but the error cannot be remedied 
by the Surveyor 

The error introduced into horizontal angles owing to obliquity of the 
mam axis, is usually negligibly small, except possibly in mining surveying 1 
where very steep sights are taken— the error being proportional to the 
tangent of the angle of elevation as before mentioned. 

RECENT DEVELOPMENTS IN THE CONSTRUCTION 
OF SURVEYING INSTRUMENTS 

During the last few years, numerous improvements have been intro- 
duced into their instruments by British manufacturers The “ internal 
focussing ” telescope has been adopted m many cases, the arrangement 
being similar to that referred to m the description of the Zeiss level on 
p 155. The operation of focussing does not move the eye-piece and 
diaphragm, the distance between the latter and the object-glass being 
fixed. Focussing is effected by the movement of the sliding lens between 
the objective and the diaphragm, so that the construction favours 
mechanical accuracy and colhmation errors are considerably reduced 
The suitability of internal focussing telescopes for tacheometric survey- 
ing has been investigated by Major E 0 Hcnrici, R E. 2 The ordinary 

tacheometric formula derived on p 228 is D=s - + (f+d) t but if the 

instrument is fitted with an anallatic lens, the additive constant (f+d) 
is eliminated and the formula becomes D=ws (see p 233) This anallatic 
lens is situated at one fixed position in the telescope With an internal 
focussing telescope there is no fixed anallatic lens, but instead there is 
the sliding lens which effects the focussing The variables are therefore 
different m the two cases, and the ordinary tacheometric formulae are 
not strictly correct for mternal focussing telescopes The amount of the 
discrepancy depends upon the size of the telescope and the properties of 
the lenses, but normally it is found that if an additive constant of 5 to 8 
mches is applied, then the results are correct to within a fraction of 1 ner 
cent except for unusually short distances, under 15 ft. or so For manv 
purposes, as the additive constant is so small, it may be neglected * 

With the older types of level, one of the permanent adjustments 
is to ensure that the line of colhmation is fixed^ at ri»ht angles to the 
vertical axis With many of the modem instrument this adTustinent 
is not attempted but, as with the Zeiss and Kern levels the axToflhe 
telescope is brought into the horizontal position for each individual reading 

/eep -Precipitous 

16,1022 y n ^° oke » lTans Inst Mvn and Mel , March 

Ojpi Jt?^, T fe P r ™ th Int ° rnal Fooussm S f <* Stadia Surveying,” Trans. 
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mcnt of a spirit birbMe^f'tLe 0 /' 51811 ° f t,lls lnstram 'nt is tbe employ- 
capable of £.2 ?J tZ7 M , tJ1>e , Tile Wosoopo. wb& T, 
irbieb carries a ’tL’S&SZT** ? * “«*”« 

tiic two opposite sides nf +i,« -rr i j e .“ , ° e 1S graduated upon 
scale, X, then Sien the ^ LuhMl f \ and lf thG i 5 ^ 18 cental ® one 
longitudinal avis the bvhh^l J'lh 18 rotafc * d throu ^ h IS0 ° about its 
The makers cW +Lf sh J ouId bc ce ^ral on the opposite scale, Y 
other within 2 seconds t (){ tb ® c graduat,ons arc made to register with each 

to coincide xfii^tha^mor 7°* ^ tcJ(>sco jP e ls feed during manufacture 
oincmc with the mechanical axis of rotation, and no means of 
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altering this adjustment is provided Its truth can be tested as m a Y 
or as m a Cooke’s Kcversible Level 

In the normal working position, the bubble tube is on the left of the 
telescope, and the position of the bubble can be read from the eye-piece 
end of tbe instrument If tbe telescope be rotated al jut its longitudinal 
axis, the bubble tube is brought over to the right of the telescope If 
the telescope axis and the bubble axis are parallel, tbe bubble reading 
on the scale Y will agree with its former reading upon the opposite scale X 
If the readings differ, the two axes are not parallel, and adjustment must 
be made by means of the capstan-headed screws at the end of the bubble 
tube, exactly as described m Chapter YI _ , , ,, 

This is the only permanent adjustment that can be made by tne 
Surveyor, and its truth can be tested very quickly at any tune merely 


i Soo also Engineering, Juno 3, 1921, pp 6S0-G82 . ,, „ , T p 

* “ Now Types of Levelling Instruments using Koversiblo Bubbles, by i r 

Connolly, Trans Opt Soc 25 (1923-24) 
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by rotating the telescope through ISO 0 about its longitudinal axis and 
noting the readings of the bubble before and after this movement. 

A circular Bpirit-level is mounted witlnn the tribach for rough levelling 
This enables the mam axis to be adjusted into an approximately vertical 
position very quickly The line of colhmation of the instrument is then 
brought into an accurately horizontal position by means of the differential 
setting screw, which is shown under the eye-piece end of the telescope. 
This screw does not affect the “ vertical ” axis, but tilts the telescope 
about a transverse axis. The angle between the line of colhmation and 
the vertical axis is thus not necessarily 90°, as it is altered each time the 
differential setting screw is manipulated 

The Surveyor can view the bubble without moving his position, as 
the end portions of the bubble arc reflected m the speculum mirror shown 
m the illustration This mirror is of special design and does not reflect 
the whole length of the bubble— the image is foreshortened so that the 
central portion is eliminated, and the magnified end portions are brought 
closer to each other 6 

The head of the differential screw is furnished with a graduated drum 
which enables the degree of tilt to be measured when the telescope is 

as a gradSnter h0nZ0ntal P ° Sltl ° n The instrument can thus be employed 

The telescope has internal focussing, and the diaphragm is fitted with 
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The “ Tavistock ” Transit Theodolite 1 made by Messrs Cooke, Trough- 
ton and Simms originated in a conference held m 1926, to draw up a 
specification of a first-class instrument embodying modern improvements 
Representatives of the War Office, Admiralty, R E Board, Ordnance 
Survey, etc, and the better known English instrument-making firms 
collaborated 

The general view of this instrument, which weighs only 11 75 lbs , is 



shown m Pig 298, and “ 

Srh is divided to 20 minutes on the undersiae m readlDg 

»«> 6 ' 1929 
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for operating the circle micrometers are mounted immediately below The 
eye-pieces are pivoted and can be swung to any convenient reading position 
The diagrams Figs 300 and 301 are typical views of the circle divisions 
and the fine reading scales as seen through these eye-pieces 



TAVISTOCK THEODOLITE 
PART SECTION 

I'm 290 


The fiducial line is represented by the thick line in the small middle 

lmes on „ ei ^er side of it represent graduation marks 

1 f i he T ? S 2 t the micrometer ” the appropriate milled 

head is rotated, and these two fine lines, which remain a definite distance 
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(nV'if' 


apart, are moved laterally until they he symmetrically about the fiducial 
line In this way, the two readings on opposite sides of the graduated 
circle are automatically averaged, and centering errors are eliminated 
The reading is then clearly indicated , eg in Fig 300 for the horizontal 
circle the reading is 90° 4.0' on the mam scale, T 30" m figures m the 
upper rectangle, 5" on the scale in the same rectangle, i e 90° 47' 35" 

For fuller particulars concerning the optical arrangements the reader 
should consult the references given on p 520 
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- a ¥ 3 Vt ,s oTw °. t £ s^J!: 

lines in addition to the cro-s lines ^ „ / rru„ »™nt.wpls 


the prismatic astrolabe 

This instrument, of ^ 

A Bmibool of '*/ {" ito »hodd be observed to tern 
iithors recommend that at le * , bemg m the four different 

arX‘ SSSfi* about two bouxs, to obsorve erght or mor 
S iommg complete sets ^ m4 t0 enable the Surveyor 

To facihtate the choi „ T T Baker, Journal of 

r Sso also “lb. bjT 

assassssrw^ 


ii .>& 
ir- ' * 

t ;v. } - 
b 1 r - 
nil 5-' 


K:c 
e:z l 

CK_ " 

V* h-t 
•‘A’u, 
„ ? 
rtzl 'it i 

C*r 

Lftil*' 

tl ,w_ 


‘15 tj 

Sfc\ 
5V 
Pc' . 


fit. 

till- 

f“T ^ 

f U. 

T'^ 

t£7' : 

U?,,T 

^Cy 


7rJ r 


‘Cl 1 I 

iu . 
r^L, 

ii,, 

<0 


i 




^^4 r 


t 











CONSTRUCTION OP SURVEYING INSTRUMENTS 523 

to estimate the approximate times at which they will reach an altitude 
of 60° m various latitudes, very convenient tables have been computed 
The necessary calculations are explained, and a graphical method is 
described of deducing the most probable values of the latitude and time, 
by means of position lines — following the method of False Positions due 
to Marcq St Hilaire In addition, reference may be made to “ A Com- 
bined Theodolite and Prismatic Astrolabe” — a paper by E A Reeve 
m the Geographical Journal, vol. Ixi p 41 


WIRELESS TIME SIGNALS 

Wireless Time Signals, from which Greenwich Mean Time may be 
ascertained, arc sent out regularly from a large number of stations, situated 
in various parts of the world The majority of the accurate signals arc 
operated automatically by means of precise mechanism connected to the 
standard clock of an observatory, and are normally correct to at least 
0 05 seconds The systems most frequently employed are the Old Inter- 
national (ONOGO), the New International, and the United States system 

For accuracy of the order of 0 01 second, the Rhythmic signal is the 
most suitable 

The Old International (ONOGO) type of signal is arranged as shown in 
the diagram below 


°7 56 05 . 

57 00 . 

58 00 1 

59 00 1 


xo 

1 

r ” "i 
• • • • • > 
■ 1 

1 "" i 


20 30 40 50 

' 1 1 _ i r i 

**** * ’ r ’ ' r" ’* r*” r ’ « 

• mm m ^ • 

' - - ! ' 1 1 1 1 1 



The actual signal, in some cases, is considered to be the end of the 
final dash m the letter 0 (— — — ), which represents an even minute In 
other cases the final dots of the N («— •), and the final dots of the G («— — .) 
groups are specified, and these give the even 10 seconds Generally it is 
sufficiently accurate to take any of these as the correct signal 

The three minute intervals terminate, it will be noticed, in the letters 
0, NO, GO respectively, from which the name of the system is derived 
This system is still employed by Germany, Spain, India, Ceylon, Java, 
Western Australia, and South Australia 

In the New International, or modified ONOGO, system, instead of each 
minute terminating m three dashes, each of 1 second duration, six dots 
are substituted, at the 55, 56, 57, 58, 59, and 60 seconds of the three 
minute intervals as shown below: 


0 10 20 30 40 50 60 

19 56 00' i ! ! ! ! 


30 UU — — - — _ „ . . 

59 00 * * * * * i 1 | 1 I } 1 

k 

This system has been adopted by France, Russia, South Africa, Portu- 
guese East Africa, Victoria, Argentine, and Brazil 

The United Stales New Signal consists of a dot at each second over a 
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period of 5 minutes, with certain dots omitted The dot omissions 

m the 1st minute are 29, 51, 56, 57, 58, 59 

2nd „ 29, 52, 56, 57, 58, 59 

3rd „ 29, 53, 56, 57, 58, 59 

4th „ 29, 54, 56, 57, 58, 59 

5th „ 29, 51,52,53,54, 56, 57, 58, 59 

The GOth second is, like the remainder, indicated by a dot, except at 
the end of the 5th minute, when a 1-second dash is transmitted, the 
begi nni ng of the dash being the time signal 

Time signals from Greenwich, consisting of six dots at 1-second intervals, 
the commencement of the last dot being considered the actual signal, are 
transmitted at stated times, by Daventry (5XX) and other broadcasting 
stations These signals are rarely incorrect more than 0 05 second, and 
are therefore sufficiently accurate for most purposes. 

The Rhythmic system employs the vernier principle m that 30b beats, 
equally spaced, are transmitted in 300 seconds Of these beats, the 
following are dashes, 1, 62, 123, 184, 245, and 306 while the remainder 
are dots 6 The method employed is either (1) to count the number of dots 
from each dash in turn until coincidence occurs between the beat of the 
signal and the tick of the chronometer, or (2) to note the chronometer 
time of each dash and the chronometer time of ^ c V“Znv numosS 

the vernier principle should beemploy » Notices to 
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Appendix II 

ERRORS IN SURVEYING 

The discrepancy between the observed and tbe true value of any measuied 
quantity m surveying is tbe result of 

(а) Mistakes 

(б) Cumulative or systematic errors 
(c) Compensating or periodic errors 

Mistakes are generally avoidable and cannot be classed under any 
law of probability 

A few mistakes which occasionally occur in linear measurements are 
mentioned on p 38, Chapter I. , and m angular measurements on p 103, 
Chapter IV. Numerous examples in connection with other branches of 
surveying will readily occur to the reader, eg the miscounting of the 
revolutions of a current meter, miscalculation in arithmetical work, con- 
fusion of the rays in plane table operations, etc 

Cumulative and Compensating Errors may be due to 

(o) Natural causes, such as temperature, barometric or magnetic 
changes, humidity, wind, curvature and refraction, etc. 

(6) Defects in the construction or adjustment of instruments 
(c) Personal defects in vision, etc 

Cumulative Errors are those which tend always m the same direction, 
t e either to make the apparent measurement always too large or always 
too small 

Examples m linear measurements are given on p 38 , and in angular 
measurements on pp 98-104 ; m levelling on pp 191-205, while other 
instances are mentioned throughout the volume 

Cumulative errors are directly proportional to the number of observa- 
tions , eg if the error in the length of a chain is d links, the total error 
due to this cause in a distance of N chains isNxd links , or if a box sextant 
has an index error of d minutes, the total error due to this m the measure- 
ment of the angles of a polygon of N sides is N x d minutes 

Cumulative errors do not tend to be eliminated by adopting a mean 
of several independent measurements made under the same conditions ; 
c g if the length of N chains is measured M times, the total error will be 

MxNxcZ links, and the error in the anthmetic mean will be N . d 

links as before 

Compensating Errors are those which tend sometimes in one direction 
and sometimes m the other i c. they are equally likely to make the apparent 
result too large or too small 
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Examples winch occur in linear measurements are given on p 39; 
m angular measurements on pp 98-104, and m levelling operations on 
pp 191-205 Other instances are mentioned throughout the volume 
It will now be apparent that if a number of measurements of the same 
quantity are made with the same instruments, and under the same con- 
ditions, it would be possible to obtain consistent though inaccurate values, 
if all the errors were cumulative For instance, if a cham is 0 1 link too 
short, and all other sources of error were eliminated, the measurements 
of the length of a line might agree among themselves, and yet the result 
be 0 1 per cent m error 

Compensating errors, on tlie other hand, cause the variations between 
a number of observations, variations which occur to some extent, however 
carefully the quantity is measured, and it is to this class of error only 
that the Theory of Probability can be applied 

Theory of Errors. — The object of the Theory of Errors is to determine 
from the actual observations that value which is most probably correct, 
assumin g the errors are all compensating, t e equally likely to be + 
or — ” , or, as explained below, to find the probable error of the 

rCS The probability that a particular event will or will not occur is 
expressed by means of a fraction which lies between the limits of 1 and 0 
P For example, a probability expressed by * indicates a certoty e 
the chances are 1 in 1 that the event will occur, while a probability of 

0 indicates that the chance is ml A probability of - indicates that the 

event will occur on the average one time out of i n n 

- — * 

may be derived from theory as 


y =J^e-v*'dx, 


(1) 


and e 


where h is a constant, depending upon 

l the base of Naperian kjgto** * ^ ^ th 

A curve representing this formal Thg the precision of 

exact shape depends upon th fc x 0 f the curve at 0, and the 

the measurements the bgfa« ’ s the tlie base 

tmd«oU P « an“°n powor, the graph » for + 

$SS& ** - «or he, betweeu specEo torts % -» % » 
therefore 


•fi 


'7T 


e -i'x*dx, 




(2) 


between the ordinates a* 


i e. 


JL [e- Ltx 'dx** 1. 
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V. 

,J ' • " This formula assumes * 

(1) + T0 and - ve errors are equally likely to occur. 

„ ' (2) Small errors occur more frequently than large. 

} (3) As the error becomes larger the probability of its occurrence 

becomes smaller, though the possibility of an error of any magnitude is 
"c assumed, while in practice it is found that large (compensating) errors 

do not occur , , , , 

- The term Probable Error (p e ) is applied to that value of x which is 

r ' -■ : „ of such magnitude that m a smgle 

measurement the occurrence of a 
^ ~ larger or of a smaller error is 

- equally likely Thus if in Fig 302 

x represents the probable error, 

< and y the ordmate at that point, 

the area under the curve from 00 

t ' ~ - to B will be equal to the area be- 

. , yond B x has a corresponding 

value —x on the — ” side of the 
curve, so that the probable error 
should strictly be expressed as ± x, Fig 302.— Probability Curve 

‘ j “ when the area under the curve from 

B' to B should be equal to the sum of the areas beyond these points, % e. 






If a number of measurements are made of a quantity whose true value 
is known, the true values of the errors which are made m each case can be 
ascertained Let these be x\ x”, x'", etc 

From equation (2) the p e of a smgle observation may then be deduced 

^=±0 6745^—, . . . . (3) 

where ’Ex—x , +x"+x"' . . . and n is the number of observations, le 
this expression states that under the special conditions under which the 
measurements are made it is equally likely that the error in any individual 
measurement is greater or less than this quantity 

This result is very useful as a guide to the degree of precision 
which has been obtained or which is obtainable under certain stated 
conditions 

For instance, in tnangulation the three angles of each triangle should 
sum exactly to 180° ( + spherical excess) , if not, the error in each triangle, 
i e the “ tnangulation error,” can be computed Consequently, if a 
number of observers are engaged upon tnangulation, and the p e for each 
is calculated from their various triangular errors, a comparison of the 
reliability and precision of each can be made 

The error that may be expected with a certain Surveyor with 
certain instruments and under certain conditions may also be deduced. 

Other criterions of accuracy, viz Mean Square" Error, and Average 
Error, are often applied to a series of observations instead of the Probable 
Error. 
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As an approximation, 8x may be taken as equal to e.m.s , both these 
values decreasing as n increases 

.* 2x, 2 + (e m s ) 2 =«(e m s ) 2 , 

2x, 2 = (n - l)(e m s ) 2 , 

,e ems - ± \/(S) • • • • d°) 

This formula then gives the e m s ’s of a single observation when 2 a;, 2 
is the sum of the squares of the individual residual errors In formula 
( 4 ) 2 a: 2 is the sum of the squares of the real errors 
Similarly, 

pe -±06746,/^. . . . (11, 

Now, it may be deduced from theory that the precision of a result 
vanes directly as the square root of the number of observations , i e 
if the p e (e m s or ave) of a single observation is deduced as x by 
the equations given above, the p e (e m s or av e ) of the mean of n 

X 

observations will be —j=? % c the e m s of the anthmetic mean 


_ + / 2*r 

V «(n-l)‘ 

. . (12) 

The p e of the anthmetic mean 


“ ±06745 n/. !( -1 )- • 

• • ( 13 ) 

The av e of the anthmetic mean 


~nj(n- 1)* 

• (M) 

Other results which may be useful are 

(1) If A=BCD, where A, B, C, D are vanables, 



± n/(BC c d ) 2 +(0D e B ) a + (BD . e c ) a . 


where e x , e B , e c , and e D are the errors (p e , e m s , or av e ) m A B C and 
D respectively ’ ’ 

( 2 ) If A=B±C±D . . . 


c a=± v(e B )‘ ! +e c 2 +e 0 2 . . . 

As an instance of the apphcation of this rule may be mentioned the 
case of tnangular error 

Thus if the p e of a single triangle of a system = ± 2 *, the p e of a 

single angle = ±— 7=- 
v3 

2 m 
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Example 1. If with a 4-m theodolite the p e of a single observation is ±1', then 
by adopting a mean of four repetitions (p. 105) the p e is reduced to + ^~= 3(T, 

Example 2. A number of measurements of a line gave the following results: 
Links. A A 1 


j-/* 

* u 


Moan =7017 


Zx t = 10 


2^=24 


Applying equation (11) the p e. of a smgle measurement 
= + 0 6745 \/j= ±1 48 Units neariy 
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Similarly, by equation (13), the p e. of the anthmetio moan 
= + 6745 \/ ~== ± 60 Unit nearly. 

The length of the hne would therefore be stated as 

70 17 chains + 60 link 

An application of formula (7) would give the pe. of the anthmetio mean 

= ± 845 63 link. 

6. v5 

The discreoanov between the results is due to the small number of readings 
O ^„ n i f 7no. th B theory of errors is not applicable m such a case, as the 

■ -Sr «— * 1 “" re ™ 11 

m usual to apply the first-mentioned formula (11)* 

It must be noted here that the above result does not state that the 

the touts 70 164 and 70 176 chains as to be outside them , it does not 

suarsrm— .. — - - 

^^SS&XSsssasst 

they may be -OTightea.’ Example 3 above ■ judged 

„ WJiSiS*'/ 3, 5, 6, - the - 

^ ZSTJmuZSmi equivalent to 3, and the foaxtb • 
4 observations, e g ’ 
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*i 

*i* 

7017x2= 

14034 

-00 

•81x2= 162 

7014x1 = 

7014 

-39 

= 15 21 

7018x1= 

7018 

+ 1 

= 01 

7020x4= 

28080 

+ 21 

441x4=17 64 

7015x1= 

7015 

-29 

= 8 41 

7018x1= 

7018 

+ 1 

= 01 

10 

10)70179 


2* 1 2 = 42 90 


7017 9 



p e of the weighted 

mean 



= 

*± 6745 / 42 9 ° 

V 10x9 



= 

= ± 465 link. 



The p e. of a single observation of unit weight 

- ± 6745 = ±147 links. 


The p e. of the first observation 


1 47 

= ±^=±104 links. 



The p e of the fourth observation 

147 

-±-^-± 735 hnk 

The term “ Permissible Error ” is often used m surveying, and denotes 
the maximum allowable limit that a measurement may vary from the true 
value, or from a value previously adopted as correct It includes all 
classes of error — cumulative, compensating, and mistakes. 

For example, if triangulation stations have been located by accurate 
trigonometrical operations, and the detail between such points is to be 
filled in by means of chain surveys, the Surveyors may be told that their 
permissible error for the chain work is -j-^, i e that if the distance between 
the two stations upon which they are working differs by more than 0 1 
per cent from the trigonometrical result, the work must be repeated, or 
the source of error discovered If the discrepancy between the chain 
and trigonometrical results is smaller than the permissible error it would 
be distributed evenly throughout the work, so as to be as little appreciable 
as possible upon the finished plan 

Examples of the permissible error for various classes of work have 
been mentioned throughout the volume 

The value of the permissible error in any given case depends upon the 
scale and purpose of the plan, the instruments available, etc 

A good general rule is to so fix the permissible error that after the 
necessary adjustments have been made no point on the plan is likely to be 
displaced an appreciable amount from its true position, e g not more than 
tuu in say. 

This again depends upon the class of work, eg. for route surveys it 
would obviously be much too severe. 
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Appendix III 

TRIGONOMETRICAL FORMULAE 

Formulae in Plane Trigonometry 

o +5+c 
S “ 2 ' 

S = area 

sin A _ sin B _ sm C 
a b c 
a 2 = b- + c s - 2&c cos A 
sm a A+cos 2 A«=l . 
sm (A ± B) =8in A cos B ± sin B cos A 
cos (A ± B) = cos A cos B + sm A sm B . 
sin 2A=2sm AcosB 
cos 2A = cos 2 A - sin 2 A 
= 1—2 sin 2 A . 
=2cos 2 A-l . 

sin A+sinB=2sin3(A+B)cos4(A-B) . 

em A - sin B * 2 cos 3 (Ah B) sm A(A - B) . 
cos Ah cosB=2cos3(A+B) cosRA-B) . 
cos A - cos B= —2 sm £(A+B) sm RA-B) 
,, . t,» tanA±tanB 

fan(A±B)- 1TtanAtJn - B ' • 

ton ^(A-B) _ a-b . 
tim 4 (A +B) 0+5 
sin A / (s -b){s~ c) 


cob 4A= 


sm A 
1 - cos A 


sin ^ A = ,J 
cos JA = y/ : 


(s-b) ( s-c ) 
bo 


’s ( s-a) 
bo 
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( 1 ) 

( 2 ) 
(3) 
W 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 
(H) 

. ( 12 ) 
. (13) 

. (14) 


• (15) 
. (16) 
. (17) 
(18) 
. (19) 
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S = J s (s - a) (s - b) (s - c) 

(20) 


= |6 c sinA 

• • (21) 

i 

_a 2 sm B sm 0 

2 smA 

. • (22) 

? 

1 

1 

( 

eP-e-x ar’ ar 5 

emhaJ- 2 -*+ 3 ,+ BI +- 

. (23) 

i 

i 

1 

, C* + e -a! T .® 2 ,!K 4 , 

coslia;- 2 - 1 + 2 ,+j7+ * 

. • (21) 

* 

_ , , , a; 2 . a? , 

f( '- 1+a:+ p + 3T + - • • 

• (25) 


ar 5 ®s a; 7 

Bin al - i t- p + 5T - T1 + - • ■ 

(26) 


- X s X 4 X 6 . 

COS*«l-j 1 +j T -jr[+. . ■ 

■ • (27) 


sm 1"=0 000001818 

(28) 


log sin 1"= 6 6855748 . 

. . (29) 




Formulae in Spherical Trigonometry 

„ a+b+c 
s ~ 2 * 

S=area. 


sin A_smB_smC 
sm a sm 6 sm c 

. (1) 

cos a — cos b cos c + sm & sm c cos A 

. (2) 

cos A= -cos B cos C+sm B sm C cos a 

• (3) 

cot AsmB=cotosmc-cosB cosc. 

(1) 

or cos B = cot a tan c when A = 90° 

. (4a) 

tan J(a + 6) = tan 

cos £(A+B) 

. (5) 

tan i(a - 6) = sm tan \o 

smRA+B) 2 

. (6) 

tan RA + B) -- cos f ” ?} cot *C 
cos }(a+6) 2 

• (U 

tanJ(A-B)-! m f5 a 7^cotiC 
sm i{a + b) 

. (8) 

tan /smis-Vsmis-c) 

V sm s sm (s - a) 

• 0) 

mn 1 A _ /sin (s — 6) sm [s - c) 

2 V sm & sm o 

• (10) 

CO »lA.- A /g?-»-? n (»-<■). . . 

V sm 6 sm c 

. (11) 
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Ten formulae for right-angled triangles may be obtained from two rules, 

hnown as Napier’s Rules of Circular Parts’ 
Thus if the angle C in the spherical triangle 
ABC is 90°, and if five other parts taken m 
order round the triangle are arranged as m 
the diagram, then 

The sme of any one part, known as the 
middle part, is equal to 

(1) the product of the tangents of two 
adjacent parts, or 

(2) the product of the cosines of the two 
opposite parts, eg. 



no :ki3 


and 


sin as=tan ^-B^ tan &=cotB. tan 6, 
sin a = cos - A^ cos = sm A sm c, 
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MISCELLANEOUS EXAMPLES 

I. (U. of L ) Referring to the diagram Fig 304, A, B, C, D are four points in 
a town (fixed on the ground and all invisible from one another) through which 
the centre line of a storm-water sewer (to be laid by tunnelling) is to pass in 
plan 

The sewer is to run straight from A to B and from D to C, and these straight 
portions arc to be connected by a curve EF as shown 

It is desired to sink a shaft at one end of the curve, and it ib found, by means 
of a rough plan, that a radius of 600 ft. will bring the end E on to some vacant 



Fia. 304. 


ground, and that E will bo invisible from 0 but visible from a point G 100 ft. 
irom C along CL 

A traverse is run along the roads, and the angles and distances shown are 
obtained. 

Taking A as the origin of co-ordinates, and the bearing of AH as zero (and 
to°calculnte° e deCima of afoot and to the ncaresfc “m«te only), you are required 

(а) The co-ordinates of all points except G, E, F. and Z 

(б) The bearings of AB and DC. 

nf ill ( re ^ uired ^ setting out the direction 

of AB and DC), and the distances AB, DC 

(d) The bcanng and length of BC 

(e) The angles ZBC and ZCB, and the distances BZ and CZ 
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if) Tho tangent distance ZF or ZE, and the distances BF and CiS. 

(0) Tho co ordinates of 0 and E and the bearing of GE 

{/i) TJio angle CGE and the distance GE (required for fixing the position 
of E) 

(1) The table of tangential angles, and the total length of the curve required 
for setting out the curve m SO ft chords from E. The angles are to bo set off 
from EZ ns zero 

{}) Tho depth of tho shaft at E down to invert level, given that the reduced 
lo\ el of tho ground at E is 57 4 ft , tho invert levels at D and A are to be 
32 1 and 27 0 respectively, and tho gradient is to bo uniform along tho 
centre line. 

(N.B — If you prefer to work otherwise than by co-ordinates, jou may omit 
Nos (n), (6), (d), and (g) 

In (j), if jon have been unablo to find tho whole length of sewer, you may 
assume a Jen gtli ) 

2. (I C E ) In order to ascertain tho direction of tho underground flow' of 
water, borings w ere put dow n at three points A, B, and C, B being true north of 
A, nnd C lying westward of A and B 

TJio distance from A to B was 3000 ft , B to C 4000 ft , and A to C 5000 ft 
The observed underground water-levels above datum wero at A 130 ft, at 
B J70ft, at C 10 ft. 

What is the direction of underground flow ? 

3 (U. of L ) A line AB bears N 25° E , nnd a lino AC bears N 115° W. 
The surface of a plane stratum of rock falls from A to B 1 m vertical to 15 hori- 
zontal, nnd rises from A to C 1 vertical to 25 horizontal Find the reduced level 
of a stratum of rook at a point P 3000 ft north of A, tho reduced level of A 
being 120 ft. A graphical method may bo used, provided great accuracy is 
obsen cd. 

4 (U. of L ) When sotting out tho centre hno for a tunnel between the two 

ends A nnd B, nn obsen atorj Btalion C is chosen on tho top of the bill from which 
both A and B arc visible, but it is not on the centre line of the tunnel LetV 
be a point on a vertical through C . , , Ann 

The horizontal projection of the angle ACB is 45 -08 , the vertical angle A01> 
is 49°-4o', and the vertical angle BCD is 57 ’-42'. Tho horizontal projection 

of CA is 750 yds , and of CB 800 yds. , . . . 

Find the horizontal distance between A and B, and the difference m tael 

6 fU. of L) It is required to determine tho exact distance between two 
inaccessible stations 0 nnd D located on the north side of a hill by observations 
taken from a oasc-linoAB on tho south sido of the bill ; from a station A on thw 
base hno the station C can be scon, but not tho station D , and from a station B 
on th s bnse-Iiiw thc station Dean bo seen, but n-.tC There is no stationon the 
base-lmcfrom which both 0 and D can be seen State precisely how you would 
“S work m the Sold, ttbat otoervafaons you trould make, and what 

calculations would be required 

fi (U of L ) Tho slope of a certain piece of ground (which may be 
as a piano surface) « 1 m4 On the surface of tins ground a hneAB, 375 ft long, 

,B HSfc 5?' m » direction * ngbt angles to AB as seen in 

Pl ”l f AB bo the centre kne of the formation for . path l Ogj fcJgrf 
SSdliTofrftt path There - to be nedher 

cutting nor filling along the centre line 

7. (U. of L ) A lino AB 500 ft along is set out The theodolite is set up 
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at A and at B, observations of points C and D being made and the following 
angles recorded . 


Bearing of AB . . 25 degrees E of N. 


» AC 


69 

99 

W. of N. 


„ AD 


20 

>9 

99 


„ BC 

• 

113 

>• 

99 

> 

„ BD 

• 

. 80 

99 

99 

V 

Altitude of C from A 

■ 

. 20 

99 



Altitude of D from A 


. 18 

99 


r 


The point A is 156 ft above datum. Determine the heights of C and D 
above datum and the horizontal distance of 0 from D. 


8 A vertical w all, 10 ft high, and built upon level ground, in latitude 52° N , 
faces due East Calculate approximately how many hours the face of the wall 
will be exposed to the rays of the sun on a clear day when the sun’s declination 
is (a) 20° N and (6) 20° S 

TVhat will be the approximate width of the shadow, normal to the wall, at 
10 a m on each occasion ’ 


9 It is desired to make an observation for Azimuth in the evening of a 
certain date, in latitude 52° N and longitude 4° W The altitude of a star near 
the Prune Vertical is to be determined What are the known or assumed data in 
the spherical triangle, and what data are calculated to help m the selection of a 
suitable star from the N A ? An observation for Azimuth was made on S Pe^asi 
on Jan 31, 1932 D 


The observed bearing of |J from A 
Corrected altitude 
Right Ascension 
Decimation 
Latitude 


= 04°-15'-30 v . 
=36 o -10 , -30' r . 

=23 h 00 m 27 s 

=27°-42 , -50'' 

=52°-00'-00". 


Emd the bearing of A from the true mcndian 

r- Slderea j time at 0 h Feb 1 = 08 h 40 m 00 s , what was the 

31 T of observation, the longitude bemg 4° W ’ 


_ {aioio ° l ? * Describe the International System of Time Signals adopted 
m 1912-13, and mention the July 1925 amendment to this system How do 
esc signals enable the longitude of a place to be accurately determined ? 
i r ° m ? h ° f ° U °y in S data of a Rhythmic Tune Signal from Pans Eiffel Tower, 
starting at 20 h 01 m 00 s GMT, find the error of your chronometer. 


Chronometer Time of 
Coincidences (At the whole 
Second ) 

Number of Dash 

Number of Intervals 
between Dash 
and Coincidence 

20 h 04 m 10 s 

04 m 55 s 

05 m 40 s 

06 m 25 s 

07 m 10 s 

07 m 55 s 

1st 

2nd 

3rd 

4th 

4th 

5th 

55 

40 

25 

10 

56 

41 


sn-iSfnf 0 ,^ 0110 ! 6111 ^?^ 1 Buccess1 ^ signals, whether dot or dash, are equally 
spaced at intervals of 60/61 parts of 1 second of Mean Time 7 

was rece^ed ber transnutted &om Dans 24 hours after the above signal 


0' of late) " 5 S1Smfies that the S1 g™ls 0' 05 early, 005 that they were 
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ANSWERS 

Chapter I (p. 43) 

1. Yes. 

OrIat“S?lM9°^ yS Sq ^ ’ Trapexo.damxxle, 1X31 a, yds , Average 

3. (1) 441 7 +2000 + 566 7 =3008 4 sq lmks=0 0301 acre. 

(2) 462 5+1975 + 550 = 2987 5 „ =0 0299 „ 

(3) 483 3 + 1900 + 533 3 = 2916 7 „ =0 0292 

4 1444 sq. ft. 

5 This error is “ cumulative," and the true area=30 18 acres nearly. 
d.ffLSj! 'I" 0410 ' 1 “ 2 * '°8 S ='°S «+l°8 (»-«)+log <»-&)+log (a-,) and 

5Sj, 


S 


" 4 S 2 \^ 5 (' s ~ ff )~^* c | ’ ~|r and ^ are similar terms. 


Answer = ±0 056 sq chain. 

7. Maximum error of 1 m 11 5; 15 9, say 16 ft. 

8 (a) 2 186 acres 

(6) 35°-ir and 81°-0' nearly. 48°-41' and 37°-15 / nearly. 

(c) 7 541 chains 

(d) ±0 0104 sq. chain. 

(e) ±4£' and ±3^' nearly. 

(/) ±0 4 link nearly. 

9. 1 431 acres 


Chapter m (p. 78) 
l * ^ ) 59 divisions on pnmary= 60 on venner. 
(u ) 44 divisions on pnmary=45 on vernier, 
(in ) (a) 120 (6) 60 
2. 75°-30' 51 ft. 

3 (a) 32'-17" 5 (6) 3'-7' 5 to be subtracted. 

4* 70°-34' to nearest mmute. 


1. l'-33" 6 Yes. No effect. 

2- 0 43 inch. 



« 





4- 




J ->* 


m 






539 





. , 


. o. ' 

' . .Ml 




— « - w \ . -v 

A *isvt, 


'f 

* i 


' ! '• 

. ' i ., 

i *i i 

’}' . 

1 ill V 


■‘:l ! ! 


540 SURVEYING 

Chapter V (p. 144) 

1 2 148 ncres nearly. 

2 At station 3 the N point of needle is probably deflected about 3° towards W 

3 710 ft 162°-45'. 

4 Southings exceed Northings by 198 4 ft , Eastings exceed Westings by 
18 4 feet The error is therefore too large to be caused by the small angular 
error that data suggest 

Error is probably in DE An assumed error in DE of 200 ft (which would 
bo possible, due to a miscount of the chain lengths) will leave a discrepancy of 
0 8m latitude and 0 m departure to be balanced 

5, 80°-42'. Length of CD =511 6 ft. 

6 (1) 1513 41 and 1532 04 (2) 2153 5 (3) 45°-21' nearly 

7 (a) 6 317 acres (b) and (c) 6 318 acres nearly 

8 (a) 1507, 128 ( b ) 1295 7, 78°-36' E of N. (c) 40°-12' 

9 AB, N 30° E. EC, S 60°-14' E CD, 8 0°-16' E DA, S 2°-27' W. 
AD =475 9 ft 
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Chapter VI (p 205) 

1 (1) 2 31 ft (2) No (3) Adjust to 6 78 on staff at A 

ss 

angles to the vertical axis of the instrument. 

3 Last point, chamage=500 ft Reduced level= 35 96 ft 

- 4 Depth of cut at 1, 2, 3, 4= 10 18, 7 27, 3 10, 1 36 ft respectively Height 
of bank at 5, 6= 3 03, 2 70 ft respectively. 

C (ft) = SCO ft radius Movement on staff- 0 015 f 


(6) =172 ft 

(c) =14 3 ft ,, 

(d) =430 ft 

7 4 30 ft and 4 52 ft 

8 5 miles+ 1 25 ft 


=0 073 ft 
=0 88 ft 
=0 029 ft 


7 98 ft at B 


Chapter VII (p 224) 


1 110 06 ft 174 10 ft 

2 ±0 20G ft ±0 186 ft. 

3 136 2 ft above datum. 

4 About 666 6 ft above instrument m 

• J£wJS -U. n “ r,r 

r 0683 

9 t r=16-16,K = 0 0707 

10. ±0 35 ft ±0 39 ft 
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11. 2082 8 ft. 

12 161 ft below datum 

13 PQ = 684 2 ft Altitudes, P = 342 2, Q = 411-7. 

14 (a) 0 134 ft (6) 0 115 ft 

15 (a) = 79 46 ft (b) = 79 11 ft Axis of instrument at B = 83 51, C=81-27. 

Approximate distance ah = 92 chains 


Chapter VIIL (p 270) 

1. 0 12 inch 464 5 ft. 

2 100 12 ft. 

3. (1) 60 3 (4) 118 7. (9) 150 5 ft 

Levels B= 80 58 C= 112 68 D= 106 59. 

(1) 86 01. (4) 94-80 (9) = 157-76 ft above datum 

4. +0 40 or —0 37 ft. ±0 07 ft nearly 

6. ±2 52 ft in distance. ±0 16 ft in altitude. 

7.644 4 ft. 6419 ft. 

S 5313 ft. -3 51ft. 

Chapter IX (p. 292) 

1 Mean RL =1374 ft above datum. 

2 0 0011 m (t.e. negligible) ; 0 024 m (appreciable) , 0 1 m (large). 

3 3016 ft. 


CHAPTER (p 322) 

1. 15, 14 69, 13 78, 12 26, 10 13, 7 37, 4 00 ft 

olJ; e D t eCtl0n ^ g ! eS ' 2 °' 54 ' ; 4 °- 54 '> 6 °-45'. Radius, 14 327 

Length, 3 375 cham. Curve begun, 

3 (i) 071, 506, 698, 621 ft. 

(u.) 0 35, 0 i9, 0 87, 0 87, 0 87, 0 87, 0 74 ft. for pegs at 50 ft intervals. 

A =V' 7 8 49 A -r (5 f 7 A chai ?o S ,Jr 21 ' 83 ’ 5s to 5a9==42 ' d7 ’ 5 «-2o' 22 ; 

MN= 1^354 cha 6 iis ATl= 14 969 ’ 6 212 > AN=9 61, MP=6 995, NP=5 359, 

R=26^9c d hS ° f P fr ° mA=2856 and 1754 chams > AT-12 324 chains; 

Chomages at T= 108 236 , at P 117 915 ; at T x = 131 30 chains. 
rcs^cbvely? 0 4 ft Tangent dlRtances bom ® and C=219 6 and 380 4 ft. 
8 81 213, 82 713, 87-496, 88 996 chains 

Deflection angles for transition curve from T, 2' 6, 19' 7, 52' 7, 1°-11'6. 
e tangent ME at E makes an angle of 2°-23' 2 with ET. 

. ll°-25 0 '. n 1X115163 f ° r clrcular arc k 0111 E > «'*1, l°-52' 7, 3°-04'3, 4°-15'9 

a,= 9 l z'hriks’ chains, L.= 120 ft say 2 chains; 

i > **-0 60 lmk ; MP—9 332 chains, NP= 6 700 chains, AM=8 145 
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SURVEYING 


chains, AN=I2 493 chains; climnapc nfcT— lOKQrto i j 
for first transition curve O' 4, 16' G§' l° ii' „ 8 ? 3 8 '„ o deflectl0n an g'cs 

angles for 20 chain curve from E 17' A k “” g J e T ? F==2 - 23 ' Deflection 
23°-13'. Cimmngo at L = 141500 chains’ J f’ Ct °’ to , t 1 =22«-30', to ft „ 
1 chain , deflection angles from Si ?TsM7 ‘J&* 1 1 420 ° 6 , cha ™> ,f L= 

PiPi — 0 GO link, p,pUo33 lmk T T-ls -nn?f 13 WtoV-W, 
IC'l 090 clmma, ftt/S=?155 006 chains, a/l'i 156 096^cbamg ° h “’”“ eC “ E '“ 

10 w ! 5 S SS 25 W,00 ' I580I> ' ics 8 »- 158 15700. 

{cj 101 30, 100 55, 159 70. 

Chapter XI. (p 341) 

1. 9740 sq. j'ds 31,000 cub yds. 

. itsasts* 47,s ' 67 7 ' 42 "■ 55 8 - 41 3 * -»-** **-. 

3 6*1 cub. yds about 

4 90 6, 02, 83 2, 53 5, 05 25, 41 9 ft. 11,610 cub yds nearly 

5. -} 13 G, +56, -00, -153,-92, -39,-19, -17, +10ft about 

0 lm 00. Areas 19, 242, 029, 742, 559. 398, 254, 227, 19 sq ft , 34 660 
cub yds. 


Chamth XII (p 372) 

1. 2 8 ft. per see ; 4,350,000 cub ft per diem roughly 

2 t?=0 017+ where u= vcl. m metres per sea, and <= number of secs 
between successive contacts 

3 81 32 cub ft per see 

4 (a) 822,800 galls per hr. 

(b) 941,200 galls per hr. 

5 3 073 cub ft per sec. 

0 1670, 1331, 1438 ft 

8. O, A, 33, C are concyclic — failure of fix. 
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1 63°-51'. 

2 A= + 4' 09. B= 

3 +12' 52 


Chapter XIII (p. 401) 
•3' 20. C= - 5' 74. 


Chapter XIV (p 423) 

1. Sag, -0 985 ft ; pull, +2 914 ft , temp , +1 030 ft : Total, -3 041 ft. 
2 T 0 0828 ft 

3. 100 + 0 0104 + 0 0065 - 0 0318 = 99 9851 ft. 

4 4514 99 ft nearly 

5 (i ) + 0118 ft , (u ) — 0119 ft , (hi ) + 0119 ft, (iv ) (a) + ^0038 fl , 

(b) - 0099 ft . (v ) - 00027 ft nearly, (vi ) - 00019 ft , (vn ) (a) 0076, 

(6) + 0057 - 0057 = 0. 
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5. 10 li 8 m 33-7 8. 

Chapter XVH. (p. 490) 

1 lll°-47' from north 

2 24°-2'-8* from south, if sun is setting. 

3 (l) 4" 3 0, 5*8:0 
(u) 4* 5 • 0 j 6*0-0 

(a) 3'-53*. (6) 28*. (c) 37' 

4 89°-39'-36* 71°-19'-36' nearly. 

5 l 0 -18'-9* S (see Chambers’ tables for refraction corrections). 
fN 40°-25'-22' 05, if snn is south of Zenith 

6 \N 3°-36'-59* 25, „ north 

fN 41°- 7'-54* 8, „ south „ 

7 * \N l°-23'-23* 6, „ north „ 

8 l°-46'-22* 2 W. 

9. (a) ±10 8 s (6) ±0 63 s. 

10 About 8 m 24 s. 

11 42 m 144 s 


* & 




Miscellaneous (p 635) 

2 S 71°-34' W. nearly. 

3 83 ft below datum nearly. 

4 605 3 yds nearly B is 129 2 yds above A. 

6. (a) 1 m 4 47 (6) 107 28 cub yds. 

7. 331 3 ft. 337 2 ft 436 5 ft 

8 (a) 7 h 61 m (6) 4 h 9 m (a) 6 1 ft (6) 20 3 ft. 

9 265°-44'-01* 2 19 h 00 m 18 2 s. 

10 2 m 15 24 s 
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SURVEYING 


Booking (eontd )— 
traverse survc}, 13 J 130 
Borda rods, <105 

Boundary, conventional sign, 18 
Bow ditch’s rule, 12G 
derivation of, 140 
Box sextant, 5, 12, 00, 0G 
accuracy of measurements, 71-73 
adjustments of, 72 
principle of, 70 

Bndges-Loo photo fchcodolilo, 403 105 
Hubble, reversible, 157, 518 
Bubblo tube, adjustment of, for level, 148, 
110, 150, 151, 153, 151, 157-150 
adjustment of, for theodolite, 85, 05 
levelling b } aid of, 188 
radius of curvnluro of, 188, 180, 200 
value of divisions, 188-180, 200 

Cadastral, 1 

Canada, photographic surveying m, 403, 
503 

Celestial equator, 130 
horizon, 440 
poles, 430 
sphere, 438 

Centering arrangement for theodolite, 83 
errors duo to defective, 98 
of \ernicr plate, 104 
Cham, adjustment of, 0 
engineer’s, 3 
Gunter's, 3 
metre, 3 

surveying, Cn I, p 1 
example, 19 22 
Chaining, accuracy of, 39 41 
errors in, 38 39 
method of, 8 
problems in, 10-15 
Change points, 100 
Checks, chain survey s, 7, 8, 43 
traverse surveys, 114, 116, IIS, 120, 
122, 124, 126, 138 140 
tnangulation surveys, 112, 113 
Chronomoter, 471 
Circle of position, 473 
Circumferentor, 7G-78 
Circumpolar, 448 
Clamp nnd tangent screw, 82 
Clarke's spheroid, 432, 433 
Classification of survoys, 1, 2 
Clinometer, accuracy of, 07 
adjustment of, 07 
description of, 05 
Indian pattern, 290 
uso of, 15, 65, 67 
Closing error, 125 
Co-altitude, 443 
Co-dcolmation, 442 

Coefficient of expansion, levelling stall, 
195 

invar wires, 415 
steel tapes, 415 
Co-latitude, 441 

Colby's compensation bars, 403, 404 



Colhmation, hno of, 54 
method of levelling, 165, 1G7 
Compass box, 55, 82, 147, 274, 495 
prismatic, 67-G9 
proportional, 24 
traverse, 115 117, 120 124 
trough, 55 56, 82, 115, 274 
Compensating errors, 523 
chaining, 39, 40 
Compensation bars, 403, 404 
Computing scale, 33 
Cone, volume of, 325 
Conjugate foci, 49 
Conjunction, 440 
Constellation, 437 
Continental maps, 17 
Contouring, with clinometer, 178-181 
with photo transit, 502 
w ilh plane table, 2S9 
with taclicomctcr, 181, Cu vm p 227 
Contours, 173 
undei water, 181, 344 
use of, 181-184 
Conventional signs, 18 
Conv eigcncc of meridians, 430 
Conv erging lcn3, 47, 48 
Cooke’s reversible lev cl, 151 
Co ordinates, calculation of areas from, 
30, 37 

consecutive, 125, 134, 135 
independent, 129, 134, 135 
Copjing, 23 

Correction for alignment, 415 
curvature, 162, 184, 212-215 
dip, 444 
parallax, 445 
pull, 409 

rofrnction, 162, 185, 212-215, 216, 443 

sag, 410 

sea-level, 417 

scmidiamctcr, 446 

slope, 413 

standard, 417 

temperature, 414 

tension, 409 

Critical angle of refraction, 47 
Cross hairs, 53 
sections, 170-173, 330 
staff, 4 

Culmination, 447 
prediction of time of, 452 
Cumulative errors, 525 
m cbainage, 38 40 
Current meter, 357 
calibration of, 358 

Curvature and refraction, 162, 184, zu 
215 

Curves, Cn x p 293 
compound, 309, 319 
degree of, 294 
obstacles on, 308 
quantities on, 334 
table for, 323 
transition, 312 321 
vertical, 321 
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Curve ranging, offsets from chords, 2DD 
offsets from long chord, 295 
offsets from tangents, 296 
Ranhme’s method, 303 
two-theodolite method 305 
with tacheometer, 306 
Cushing’s reversible level, 150 
Cuttings, conventional sign for, 18 
volume of, Cn sx p 325 

Datum, 163, 344 
Day, sidereal, 448, 449 
solar, 448, 449 
Deal rods, 404 

Decimation, astronomical, 442 
magnetic, 56 59 
Deflection angles, 293, 303 
Delambre’s rule, 393 
Departures, 125 
Dial, 76 
Hcdley, 77 
Lean’s, 76 

surveying with, 115 cl seq 
Diaphragms, micrometer microscope, 64 
illumination of, 82 
types of, 53 
Dip, correction for, 444 
of compass needle, 57, 58 
of horizon, 185 
Discharge of nvers, 357*372 
Ditch and hedge, 10 
Diverging lens, 47-48 
Drop arrow, 16 
Dumpy level, 147 

Earth, shape and size of, 161-162, 435-436 
Earthwork quantities, Ch. xr p 325 
Eastings and Westings, 125 
Eccentricity of signals, 388 389, 401 
of verniers, 104 
Ecliptic, 439 
Eidograph, 25-27 
Elasticity, modulus of, 408, 409 
Ellipsoid, 162 

Ellipticity of spheroids, 435 
Elongation, 447 
prediction of tune of, 452 
Embankment, conventional sign, 18 
quantities, Ch a p 325 
Engineering surveys, 2 
Enlarging of plans, 23 
Equation of time, 449 
variation in, 449, 450 
Equator, 436, 439 
Equinox, 439 
Error of closure, 125 

Errors, angular measurements, 98-104, 
107-109 
areas, 41-43 

astronomical obsen ations, 48G-490 
average, 527-529 
chaining, 3S-41 
levelling, 200-205 
mean square, 527, 523 
emmmeter, 262 


Errors ( contil ) — 
pacing, 41, 123 
permissible, 531 
in chaining, 40 

Ordnance Survey, 40 
photographic surveying, 504 
probable, 527 

steel band measurements, 41 
tacheometer, 239-244, 252-257 
theory' of. Am II p 525 
traverse, 116, 119, 126, 140-144 
triangular, 108 
Everest theodolite, 83 
Everest’s constants, 435 
Excavation, Ch xi p 325 
Eye-piece of telescope, 53 

Face left (f 1 ). See Face of theodolite 
of theodolite, 102, 103, 106, 107, 108 
right (f r ). See Face of theodolite 
Failure of fix, 280 (Case 2), 352 
Fast needle traverse, 115, 117 
Feet equal, 17 

Fence, conventional signs for, 18 
Field book, chaining, 9, 20-22 
contouring, 179, 180 
levelling, 165, 166, 172 
tacheometer, 247 
traverse, 124, 134, 135 
Fix, bad, 353 et seq 
failure of, 352 et seq. 
good, 352 et seq 
Floats, rod, 367 
sub-surface, 366 
surface, 366 
Foci, conjugate, 49 
Focus, principal, 48 
Focussing, internal, 155, 517 
Follower, S 
Fore sight, 164 
Formation level, 331 
width, 331 

Formulae, trigonometrical, 532-534 

Gate, conventional sign, 18 
Gauges, tide, 199, 345 
Geodetic are, north of Lake Tanganyika, 
108 

Geodetic Surveys, 1, 383 
Transvaal and Orange River Colony, 
108 

Geoid, 161-162, 435 
Give and take lines, 27, 28, 32 
Glass rods, 404 
GMN, 450 
G M.T , 450 

Gradients, 15, 16, 65-67, 189, 191-193, 321, 
322, 331, 413, 519 
Graduation errors, 104 
Great circles, 436 

Greenwich, magnetic declination at, 
67 

mean time, 450, 523 
Guatemala, Reconnaissance Survey, 144 
Guldinus’s rule, 334 






Half -breadths, 331 
Hand level, CO, 67 
Hedge, conventional sign, 18 

and ditch, 10, 18 

Hcdley dial, 77 
Heliographs, 384 
Hehostats, 384 
Heliotropes, 384 
Hook gauge, 370 
Horizon, artificial, 75 
celestial, 440 
dip of, 185 
glass of sextant, 70 
rational, 440 
sensible, 440 
visible, 75, 440 

Horizontal angles, measurement of. 70 
96, 105, 106, 386-387 
axis of theodolite, adjustment of, 87-89 
surface, 162 

Hounslow Heath Base, 385, 404 
Hour angle, 447 
Huygeman eye-piece, 53 
Hydraulics, Ch xn. p 344 
Hydrographical surveying, Ch xn p 344 
Hypsometiy, 223 


surveying 


Ice bar apparatus, 407 
Illumination of cross-hairs, 82 
India, Great Trigonometrical Survey base 
lines, 422 

Great Trigonometrical Suney theo- 
dolites, 385 386 

Great Trigonometrical Sun ey trianeula 
tion, 381 
Inset, 8 

Instruments, astrolabe, 484, 522 
box sextant, 6 , 12 
circumferenter, 76-78 
clinometer, 65 

compass, 55, 56, 82, 115, 147, 274, 
495 

prismatic, 67, 69 
current meter, 357 * 

dial, 76, 77 
eidograpli, 25-27 
hand level, 66 
level, Abney, 15, 66 , 67 
Cooke’s, 151 
Cushing’s, 150 
Dumpy, 147 
hand, 66 
Y, 150 

Zeiss, 155-159 
miner’s dial, 76, 77 
omnimeter, 258-262, 263 
optical square, 4-6, 13 
pantagraph, 24-25 
plammeter, 33-35 
prismatic astrolabe, 484, 522 
compass, 67-69 
range-finders, 262-270 
senncircumferenter, 77 
sextant, 5, 12, 73-74 
tachcometer, 227 


Instruments {contd )— 
telemeter, 123, 263 266 
theodolite, Everest, 83 
photo, 493 
plain, 82 

transit, 79-82, 519 
[ Y, 82 
Invar wires, 407, 423 
Isoclinic lines, 58 
Isogome lines, 57 

Jupiter’s satellites, 473 

Kepler’s laws, 436, 449 
Kern level, 153 
Kmg’s Sedgmore Base, 3 S 5 


, L A N , 450 
D A T , 450 

) Latitude, definition, 441 
determination of, 474 
Latitudes and departures, 125 
Leader, 8 
Lean’s dial, 76 
Legendre’s rule, 393 
Lens, anabatic, 231, 234 
Lenses, types of, 48 
fundamental equation, 51 
Level, Abney, 15, 66 , 67 
adjustments of, 147-150, 518, 519 
Cooke’s, 151 
Cushing’s, 150 
Dumpy, 147 
hand, 66 
Kern, 153 

precise, 153, 518, 519 
surface, 161 
Y, 150 

Zeiss, 155-159, 517 
Levelling, accuracy of, 200 205 
bench marks, 162, 19S-200 
method of booking, 165, 160 
new Ordnance system, 198 
photographic, 601 
plane table, 289 
I precise, 195-202 
reciprocal, 186 
revised Ordnance, 198 
screws, 85 

staff, 159 161, 193, 195, 200 
taclicometnc, Ch viii p 227 
Libra, First Point of, 439 
Line of colhmation, 54 
adjustment of, 89-95 
Lmes, base, Ch xiv p 402 
chain, 8, 9 
ranging, 15 
Link, 2, 3 
Lithography, 23 
L M N , 450 
L1IT, 450 
Local time, 467 
Location sun eys, 2 
Longitude, 441, 451, 467 
conversion to time, 451 
Longitudinal sections, 162 d seg 
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Looso needle traverse, 115 
Lossiemouth Base, 385, 390-400, 423 
Lough Foyle Base, 385, 393 
Lunar distances, 471 
occupations, 471, 472 

Magnetic compass, 55-56, 454 
decimation, 56-59 
inclination or dip, 57 
needle, 55-56 
Magnetism, 55 

Malta, tnangulation of, 379, 381 
Map projections, 399 
“ references,” 17 
Marsh, conventional sign, 18 
Mean noon, 449 
sun, 449 
time, 449 
Mekometer, 266 
Meridian, celestial, 441 
convergence of, 430 
definitions, 430, 436 
determination of, Cff xvn p 454 
Micrometer microscopes, 63, 64, 79, 80, 249 
Mid ordinate rule for areas, 32 
Miners' dial, 76, 77 
Mirror clinometer, 65 
honzon, 70-74 
index, 70-74 
Mistakes, 521 
in chamage, 38 

in theodolite observations, 105 
Mistcrton Carr Baoe, 385 
Moon, 440 

observations for tune, 471-473 
Nadir, 440 

Napier’s rules of circular parts, 534 
Nautical mile, 433 
sextant, 73-74 
adjustments of, 74-76 
New York City levelling, 196 
North Pole, 436, 439 
determination of, Cn xvn pp 454-467 
Northings and Southmgs, 125 
Notches and v eirs, discharge over, 369-372 
Nutation, 439 

Object glass, 52 
Obstacles, 11-15 
Occupation, 440 
Odometer, 123 
Offset, 8 
scale, 16 
staff, 4 

Ohio River Survey, 143 
Omnimeter, 258-262, 263 
Opposition, 440 
Optical centre of lens, 49 
square, 4-6, 13 
Optics, Ch n. p 46 

Orange River Colony See Transvaal and 
Orange River Colony 
Ordnance Survey, 385 
bases, 385 


Ordnance survey ( contd } — 
bench marks, 198, 199 
datum, 164, 344 
levelling, 198 
staff, 101 

permissible errors, 40 
probable errors m angles, 109 
scales, 17 

Pacing, 123 
Pantagraph, 24, 25 
Parabolic rule for areas, 31 
Parallax, adjustment for, 54, 56, 63, 64, 99 
annual, 438 
correction for, 445 
diurnal, 438, 445 
geocentnc, 438, 445 
horizontal, 445, 446 

Parallel plate bubbles, adjustment, S5-S7 
Parallelopiped, volume of, 327 
Passometer, 123 
Pedometer, 123 
Pendulum device, 193 
Perambulator, 123 
Penhebon, 436 
Philadelphia staff, 161 
Photogammetiy, 493 
Photographic surveying, 493 
Photo-pnnts, 23 
theodolite, 493 
Pivoial error, 513 
Plane table, 274 
surveying, 274-292 
accuracy of, 291 
contouring, 289 
procedure, 276 
traversing, 287 
three-pomt problem, 27S-285 
two-pomt problem, 285-287 
Planets, 436 
Plammcter, 35 
theory of, 33, 34 
Plotting, 499 
Plumb-bob, 193 
Point of curve, 293 
tangent, 293 
Polar distance, 442 
Polans, 437 
Pole, 436 
elevated, 447 
Star, 447 

Precession of the Equinoxes, 442 
Precise levelling, 195-202, 518 
staff, 195 

Preliminary surveys, 2 
Prime vertical, 439, 441, 464, 468 
Principal axis of lenses, 47-48 
focus of lenses, 48 
Printing, photo, 23 
Prism, volume of, 326 
Prismatic astrolabe, 484, 622 
compass, 67-69 
Pnsmoidal formula, 327 
Probability curve, 527 
Probable error, 527 
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Projections, 309 
Proportional compasses, 24 
Protractor, 110 
used as clinometer, 65 
vernier, 110 
Pull, correction for, 409 
Pyramid, volume of, 325 

Quantities, Ch xi p 325 
on curves, 334 

Railway, conventional signs, 18 
curves, Ch x p 293 
location, 2 

Ramsden chain, 385, 404 
eye-piece, 63 
theodolite, 385 
Range-finders, 2G2-270 
Barr & Stroud, 203, 267 

mehometer, 266 
telemeter, 263 
Zeiss, 263 
Ranging rods, 4 

Rankine’s method of curve ranging, 293, 
303 

Reciprocal levelling, 186, 212 
Reconnaissance, 2, 144 
Reduced bearing, 124 el seq 
Reducing plans, 23 

Reduction of levels to centre, 139 140, 
388 401 

Reference tape, 417 

map. 17 

Reflection, laws of, 40 

prismatic, 47 , 

Refraction and curvature, 162, 184 
coefficient of, 215 
correction for, 443 
index of, 46 
laws of, 46 
terrestrial, 215, 388 
Reiteration, 106, l®®' W8, 386 
Repetition, 105, 108, 378, 386 
Representative fraction, 17 
Repsold theodolite, 108 
Residual errors, 524-525 
Reversible level, Cooke s, 151, ole 
Cushing's, 150 
Rhuddlan Marsh Base, 385 

Right angles, to set out, 10, ii 

Rinnles 3 discharge of nvers from, 369 
Rise and fall method of levelling, 166, 

Rivers, discharge of, 357-372 

Rods, measuring, compensating, 404 
measuring, deal, 404 
measuring, glass, 404 
offset, 4 
ranging, 4 

gag, corrections for, 410 

Salisbury Plain Base, 385 

130-140. 3S8. 40! 


Seales, 17 
offset, 16 

Scotland, trmnguiation of, 330 
Sea-level, reduction to, 417 
Sections, cross-, 170-173 
longitudinal, 162 et seq 
Semi-eircumferenter, 77 
Semi-diameter, correction for, 440 
Setting out, 189 
Sextant, box, 5, 12 
nautical, 73-74 
Shadbolt artificial honzon, 75 
Shifting base of theodolite, 83 
Side-distances, 331, 337 
Side-widths, 331, 337, 338 
Sidereal time, 448 
Sight rails, 189 
Signals, 383, 457, 471 
Simpson’s rule for areas, 31 
Slip, 104, 106 
Slope, chaining on, 15 16 
corrections for, 16, 413 
Solar attachment, 482 
focus, 48 
system, 436 
time, 448 
Solstice, 442 
Sopwith Btaff, 160 
Soundings, 344 
example, 373-375 
location of, 346 
Southmgs, 125 
Sphere, 435 

Spherical excess, 392, 429 
trigonometry. Cm xv pp 425, 533 
Spheroid, Clarke’s, 435 
Everest’s, 435 
oblate, 435 
prolate, 435 
Spire test, 88, 514 
Spint-level See Bubble tube 
Stadia, 227-262 
Staff, cross, 4 

levelling, 159-161, 200 
stadia, 227 
target, 161 
Standards, 402 

corrections for, 417 
Station pointer, 350 
Stations, selection of, 378 
Steel band, 3 
chains, 403 
invar, 407 
tapes, 407 
Stepping, 16 

Stereophotogommctry, 500 

Striding bubble, 87, 513 
Struvo’s bars, 406 
Sub-solar point, 473 
Sub-stellar point, 473 

Sun, observations on, 75, 
mean, 449 
Sunspots, 69 
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Surveys, aerial, 507 
cadastral, 1 
chain, Cn i p 1 
classification, 1, 2 
compass, 115, 122, 144 
dial, Ch v p 110 
expeditionary, 122 
exploratory, 2 
geodetic, 1, 3S3, 423 
hydrographic, 2, Cn xn p 344 
location, 2 

marine, 2, Cn. xn p 344 
military, 2, 09 

photographic, 2, Cn. xvxrr p 493 
plane table, 2, Cn ix pp 274-292 
preliminary, 2, 493, 507 
reconnaissance, 122, 144 
route, 122 

stadia, Ch vm pp 227-202 
tachcometric, 2, Cn vm pp 227-262 
theodolite, Ch v p 110 
topographical, 1, 143, 257, 383, 493 
traverse, 2, Ch v p 110 
tnnngulation, 2, Ch. m p 377 
trigonometrical, 113, 377 
underground, 115, 120 

Tacheometcr, determination of constants, 
229 

principle of, 228 
Tachcometry, errors in, 230, 617 
field book, 247 
interval method, 248 
principle of, 228, 517 
subtense method, 249, 252, 202 
tangential method, 251-257, 262 
Tangent screw arrangement, 82 
Tangential angles, curve ranging by, 303 
method of tacheometry, 262 
Tapes, linen, 3 
steel, 3 

Telemeter, 123, 263-266 
Telescope, 52 

Temperature, correction for, 414 
Tension, correction for, 409 
Terrestrial refraction, 215 
Tertiary trmngulation, 382, 385 
Theodolite, accuracy of measurements 
with, 107-109 

adjustment of transverse axis, 87, 613 
of hne of colhmation, 89-91 
of plate bubbles, 85-87 
of telescope bubble, 95 
centering arrangement, 83-84 
errors, 98-105 
Everest, 83 

special adjustments, 94, 95 
levelling with inaccurate bubbles, 86 
with largo bubble, 87 
photo, 493 
plain, 82 

special adjustments of, 94 95 
settmg up, 83 
shifting base, 83-S4 
size of, 80 


Theodolite (contd ) — 
to measure horizontal angle, 96 
vertical angle, 97 
to range line, 97 
transit, 79-82, 519 
Y, 82 

special adjustments of, 94-95 
Three-pomt problem, 278-285, 349-357 
Thrupp’s formula, 369 
Tide gauges, 199, 345 
pole, 203 
Tie hues, 7 

Time, astronomical, 449 
civil, 449 

Greenwich, 471, 523 
local, 469 

observations for, 448, 469 
sidereal, 448 449 
solar, 448 449 

to convert sidereal to solar, 451 
solar to sidereal, 451 
Topographical surveys, 1, 383 
Transit of star, 447 
prediction of time of, 452 
Transit theodolite, 79-82 
Transvaal and Orange River Colony, 197, 
388, 389, 401, 457, 458 
Trapezoidal rule for areas, 30 
for volumes, 329 
Travelling rod, 189 
Traverse, accuracy of, 140-144 
area of, 36-37, 137 
balancing, 126 
Bowditch’s rule, 126, 130 
checking, 138 

co-ordinate, consecutive, 125 
mdependent, 129 
error of closure, 125 
errors in, 119, 140-143 
fast needle method, 117 
free needle method, 115 
included angle method, 117 
plane table, 287-289 
survey, 112 ct seq 
underground, 120 
Tree, conventional sign for, 18 
Triangle of error, 278 
Tnangles, best shape of, 389 
Triangular error, 108 
Tnangulation, Ch xin. p 377 
accuracy of, 399 
form of, 379 
major, 383 
minor, 3S3 
primary, 382, 385 
secondaiy, 382, 385 
tertiary, 382, 385 
Tnbach arrangement, 85 
Trigonometrical survey, 112, Ch xhl 377 
levelling, 208-218 
Trocheameter, 123 
Turning points, 162 
Two-pomt problem, 283-287 

Underground surveys, 115, 120 
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mvTnf fv .1 , , sc line apparatus, 40G 
great theodolite, 385 

ice bar apparatus, 407 
Ursa major, 437 
minor, 437 


V notch, discharge over, 371 
Variation, magnetic, 57 
Velocity of approach, 370, 372 
Verification, base of, 385 
Vernal equinox, 439 
Vernier, 60 
direct, 60 
double, 62 

examples of, 67, 70, 72, 73, 75, 76, 77, 
78, 80 

retrograde, 61 
Vertical angles, 388 
circle, 79, 80, 82, 96 
circles, 441 
curves, 321-322 
prime, 441 

Volumes of banks and cuttings, Ch m 
p 325 


-“Jt-o, i , 

Waving of levelling staff, 194 
Weighting of observations, 137, 630 
weirs, discharge over, 369 
Westings, 125 
Whites, 4 

Wireless signals, 471, 523 
Wires, invar 407 
steel, 407 408 

Woods, conventional sign for, 18 


Y level, 150 
theodohte, 82, 83 
Year, anomalistic, 448 
civil, 448 
sidereal, 448 
solar or tropical, 448 


Zeiss level, 155, 200, 517 
range-finder, 263 
Zenith, 440 
distance, 443 
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